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ABSTRACT
Beyer,  W i l l i a m  C . ,  M .S ..  W in te r ,  1981 Geology
P e t ro lo g y  and Genesis o f  a Uranium-bear ing System o f  Pegmatite D ikes,  
Nancy Creek Area, Nor theas te rn  Washington
D i r e c t o r :  David
The Nancy Creek area l i e s  on the eas te rn  f la n k  o f  the  K e t t le  Dome,
10 k i lo m e te rs  northwest  o f  K e t t l e  F a l l s ,  Washington. A system o f  
g r a n i t e  d ikes  in t ru d e d  the Precanibrian metamorphic rocks o f  the  dome 
d u r in g  a c a t a c la s t i c  event t h a t  marked the fo rm a t io n  o f  the  dome.
The d ikes  vary in  t e x tu r e  from a p l i t i c  to  p e g m a t i t i c .  Anomalous uranium 
occurs in  g a rn e t -b e a r in g  p e g m a t i t i c  d ikes in  an a m p h ib o l i te .  Beta 
uranophane rep laces  the pr im ary  uranium m inera l  u r a n i n i t e .  F ie ld  
r e l a t i o n s h ip s  and p é t ro g ra p h ie  evidence show the magma f o r  the  d ikes  
came from n e i t h e r  lo c a l  metamorphic seg regat ion  nor lo c a l  a n a te x is .
No obvious igneous source crops ou t .  The ge ne t ic  source must l i e  
" a t  d e p th " .  A b a t h o l i t h i c  core to  the  dome may be p o s tu la te d ,  as 
p lu to n s  crop ou t  a long i t s  western and southern marg ins,  and w i t h i n  
the  dome. Th is  prov ides  a conven ient  magma source.  Th is  au tho r  p re fe rs  
a genes is  through metamorphic a n a te x is .  Dur ing emplacement o f  the 
dome, removal o f  the o v e r ly in g  s t r a t a  drops the l i t h o s t a t i c  p ressure ,  
caus ing a decrease in  the m e l t in g  temperature o f  undersa tura ted  
g r a n i t i c  me l ts  and an inc rease in  the r e l a t i v e  a c t i v i t y  o f  wa te r .
These combine to  a l lo w  a g re a te r  amount o f  p a r t i a l  m e l t in g  to  occur 
a t  a co n s ta n t  temperature ,  producing the magma f o r  the d ikes .  Uranium 
p r e f e r e n t i a l l y  p a r t i t i o n s  i n t o  the  m e l t  a long w i th  the water .  
C r y s t a l l i z a t i o n  processes and p a r t i t i o n i n g  o f  uranium in to  the 
v o l a t i l e  s tage con cen t ra te  the uranium in to  the pegmat i tes .
11
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CHAPTER I 
INTRODUCTION
The Nancy Creek area l i e s  on the eas te rn  f la n k  o f  the K e t t l e  
Dome, f i v e  m i les  no r thw es t  o f  K e t t l e  F a l l s ,  Washington (F ig .  1 ) .
G en t ly  fo ld e d  metamorphic rocks o f  the dome (Cheney, 1979) co n ta in  
l o c a l l y  abundant u ran ium -bear ing  p e g m a t i t i c  g r a n i t e  d ik e s .  G ran i te  
d ikes  are t y p i c a l l y  thought  o f  as o r i g i n a t i n g  from an igneous source.
In metamorphic rocks ,  o th e r  p o s s ib le  g e n e t ic  processes f o r  d ikes  such as 
an a te x is  and metamorphic seg rega t ion  must be cons idered .  Uranium commonly 
occurs as pr im ary  u r a n i n i t e  in  la te - s ta g e  igneous d i k e s ,  as magmatic 
processes may con cen t ra te  the uranium i n t o  l a t e  s tages .  Metamorphic 
processes ,  on the o th e r  hand, are u s u a l l y  cons idered to  be d i s s ip a t o r s ,  
no t  co n c e n t ra to rs  in  ore d e p o s i t  genes is .  These processes do concen­
t r a t e  wate r  and potassium f o r  example, i n t o  c e r t a i n  phases. Given the 
p roper  chemical c o n d i t i o n s ,  uranium tends to be m ob i le ,  and may mimic 
the  movement o f  potass ium. Consequent ly ,  a g e ne t ic  process f o r  
u ra n i fe ro u s  p e g m a t i t i c  d ikes  i n  metamorphic rocks must cons ide r  both 
metamorphic and igneous processes.
F ie ld  r e l a t i o n s h ip s  and te x tu re s  i n d i c a t e  the  m a jo r i t y  o f  the d ikes 
in t ru d e d  the  exposed metamorphic s e c t io n  du r ing  a shear ing event .  This 
shea r ing  produced c a t a c l a s t i c  t e x tu re s  a long the eas tern  margin o f  the 
K e t t l e  Dome, and marked the emplacement o f  the dome. Removal o f  much o f  
the  o v e r l y i n g  s e c t io n  would accompany t h i s  emplacement, dropp ing the
1
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Metamorphic Provinces in Northeastern Washington and 

















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
l i t h o s t a t i c  p ressu re .  The m e l t in g  temperature  f o r  undersa tu ra ted  melts  
would f a l l  w i t h  the drop in  p ressure ,  and an a te x is  cou ld  occur in  the 
metamorphic rocks o f  the dome below the p resen t  le v e l  o f  exposure.
Uranium and wate r  would p r e f e r e n t i a l l y  p a r t i t i o n  i n t o  the m e l t ,  producing 
a w e t ,  u ran ium -enr iched  magma f o r  the  d ik e s .
C r y s t a l l i z a t i o n  processes tend to  concen t ra te  uranium i n t o  the l a t e  
magmatic s tages ,  a long w i t h  the  v o l a t i l e s .  The v o l a t i l e - r i c h  stages 
moved i n t o  the a m p h ib o l i te  where the shear ing had f r a c tu re d  t h i s  b r i t t l e  
rock and produced a p re fe r re d  env ironment.  F u r th e r  c r y s t a l l i z a t i o n  o f  
the  magma produced p e g m a t i t i c  te x tu re s  in  u ra n i fe ro u s  d ikes .
Reg iona l  Geol ogy
The Omineca C r y s t a l l i n e  B e l t ,  an area o f  metamorphic and igneous 
rock  t h a t  in c lu de s  the Shuswap metamorphic complex, extends from B r i t i s h  
Columbia i n t o  n o r t h - c e n t r a l  and n o r th e a s te rn  Washington. The K e t t le  
Dome, a reg io n  70 km n o r th -s o u th  by 30 km e a s t -w e s t ,  o f  g e n t l y  fo ld ed  
metamorphic rocks in  n o r th e a s te rn  Washington, l i e s  on the  southeastern 
end o f  t h i s  b e l t .  I t  has been s t r u c t u r a l l y  (D onne l ly ,  1979; Lyons, 1967) 
and p e t r o g r a p h i c a l l y  (Cheney, 1977, in  p ress ;  Parker and C a lk in s ,  1969) 
r e la t e d  t o  Shuswap rocks .  The Republ ic  Graben separates i t  f rom the 
Okanogan dome to  th e  west (F ig .  1 ) .  To the e a s t ,  a shear zone separates 
i t  f rom la ye re d  sedimentary and v o lc a n ic  rocks .  Bowman (1950) descr ibed 
t h i s  shear zone as a normal f a u l t  w i t h  14,000 f e e t  o f  throw in  o rd e r  to  
account  f o r  the j u x t a p o s i t i o n  o f  metamorphic and non-metamorphic rocks .  
Cheney ( i n  press)  r e i n t e r p r e t s  i t  as a deco l lement.
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Campbell (1937,46) inc luded  the K e t t l e  Dome in  the " C o l v i l l e  
b a t h o l i t h " ,  adding i t  to  the  b a t h o l i t h  o f  Krauskopf and Waters (1941) 
and Pardee (1918).  These e a r l i e r  au thors  r e s t r i c t e d  the  " b a t h o l i t h "  to  
the west s ide  o f  the  Repub l ic  Graben, o r  to  the p resen t  Okanogan Dome. 
Snook (1965) r e i n t e r p r e t e d  the p r o t o c l a s t i c  b a t h o l i t h i c  border o f  
Krauskopf and Waters (1941) as g r a n i t i c  gneisses formed du r ing  reg iona l  
metamorphism, fo l lo w e d  by m y lo n i t i z a t i o n  and g e n t le  f o l d i n g .  He decided 
t h a t  no b a t h o l i t h  e x i s te d .  Fox and o th e rs  (1976) re c o n c i le d  these 
p o la r i z e d  v ie w p o in ts ,  and c a l l e d  the  area a gneiss dome w i th  a molten 
core and a p a r t i a l l y  magmatic mant le .
As an ex tens ion  o f  t h i s  argument, the  K e t t l e  Dome a lso  is  not  a
b a t h o l i t h ,  and i t  i s  a ls o  not a t r u e  gne iss  dome. Cheney (1979) i n t e r ­
p re ts  the dome as g e n t l y  fo ld ed  sequence o f  Precambrian metamorphic rocks .  
He c la im s  i t  formed d u r in g  a post-Eocene f o l d i n g  even t .  C a ta c la s is  
and t h r u s t i n g  occurred immedia te ly  be fo re  o r  d u r in g  f o l d i n g .  Metamorphism 
began p robab ly  in  the l a t e  Cretaceous and cu lm inated as emplacement o f  
the dome s t a r t e d .  Metamorphic rocks show a b i o t i te  K-Ar c o o l in g  date 
o f  50.4 + 1 .4  m.y. b .p .  (Engels and o th e rs ,  1976), rough ly  synchronous 
w i t h  the  dome emplacement.
Armstrong (1979) ,  model ing the emplacement o f  core complexes in  the  
eas te rn  c o r d i l l e r a ,  deformed a th in ne d  and weakened l i t h o s p h e r e .  C rus ta l  
s h o r te n in g  th ickened  t h i s  zone, which rose upward as i t  con t rac ted  a t
depth .  The cover rocks f l a t t e n e d  and were pushed eastward to  form f o l d
and t h r u s t  b e l t s .  Fox and o th e rs  (1977) do no t  d i f f e r  d r a s t i c a l l y  in
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t h e i r  scen a r io  f o r  emplacement o f  the Okanogan dome du r ing  compression, 
bu t  they  do d i f f e r  d r a s t i c a l l y  in  the heat source t h a t  causes the  th in n in g  
and d r i v e s  the  model. They depend on an ove rr idden  spreading ce n te r  f o r  
t h e i r  he a t ,  w h i le  Armstrong r e l i e s  on eddies formed in  the " t rapped 
as thenospher ic  m an t le "  above the  descending oceanic s la b .  The Okanogan 
Dome, w i t h  i t s  abundant magmatic a c t i v i t y  s i t s  near the cen te r  o f  t h i s  
thermal h igh .  The K e t t l e  Dome, on the edge o f  t h i s  c r y s t a l l i n e  te r r a n e ,  
forms a c o o le r  analogue o f  the same de fo rm a t iona l  even t .
S t r u c tu r e  o f  t he K e t t l e  Dome
The re g io n a l  map o f  the K e t t l e  Dome (Cheney, in  p ress ;  D onne l ly ,
1978) (F ig .  2) show the  dome as one la rg e  a n t i c l i n a l  f o l d ,  w i th  s t r a t a  
o f  c o n s is te n t  d ips  on e i t h e r  l im b .  The metamorphic la ye rs  in  the  study 
area near Nancy Creek s t r i k e  w i t h i n  10° o f  n o r t h ,  p a r a l l e l i n g  the meta­
morphic and c a t a c la s t i c  f o l i a t i o n s .  Dips vary  from 5-19°E and average 
12°E.
D onne l ly  (1978),  s tud y ing  s m a l l - s c a le  f o l d  fe a tu re s ,  recognized 
f o u r  f o l d  phases in  the metamorphic rocks south o f  Nancy Creek in  an 
area t h a t  ove r laps  t h i s  t h e s is .  His a n a ly s is  show t i g h t  to  i s o c l i n a l ,  
recumbent t o  ove r tu rned  F-| f o ld s  formed as a d u c t i l e  re a c t io n  to  D-|, 
a f l a t  shear ing  s t r e s s .  As the metamorphic peak waned and rock p ro p e r t ie s  
changed, D] formed c a t a c l a s t i c  t e x tu r e s .  Dg produced u p r ig h t  g e n t le  
f o ld s  and asymmetr ic c o n c e n t r i c  or  bo x fo ld s  (F g ) ,  and k inks  and crenu-  
l a t i o n s  (F3 ) a l l  ove r tu rned  to  the  ea s t .  8 3 ( 2 ) formed the youngest f o ld s  
o f  u p r i g h t ,  g e n t le  to  open geom etr ies .  The o v e r a l l  D] de fo rm at ion
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c o r r e la te s  w i t h  gneiss dome fo rm a t io n ,  and forms s t r u c tu re s  s i m i l a r  to  
f o ld s  o f  the  Shuswap te r ra n e  (D o n n e l ly ,  1978).
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CHAPTER I I  
METAMORPHIC PETROLOGY
I n t r o d u c t i  on
F ive  Im po r ta n t  rock typ e s ;  4 metamorphic u n i t s  and a complex 
v a r i e t y  o f  g r a n i t i c  d i k e s ,  crop out  w i t h i n  the s tudy area (P la te  1).
The metamorphic s e c t io n  c o n s is ts  o f ,  from bottom to  to p ,  a q u a r t z i t e - c a lc -  
s i l i c a t e - m a r b l e  u n i t ,  a g r a n i t i c  g n e is s ,  a hornblende a m p h ib o l i te ,  and 
a q u a r t z i t e .  No d i r e c t  evidence f o r  s t r a t i g r a p h i e  up o r  down, or 
o v e r tu rn in g  e x i s t s ,  so the s e c t io n  i s  assumed to  be r i g h t  s ide  up.
The metamorphic grade f a l l s  in  the a m p h ib o l i te  fa c ie s  as de f ined  by 
Hyndman (1972) or in  medium to  h igh grade as de f ine d  by W ink le r  (1976).
The f i f t h  u n i t  o f  p e g m a t i t i c  to  a p l i t i c  g r a n i t e  d ikes in t ru d e s  a l l  
f o u r  metamorphic u n i t s ,  making them the youngest u n i t  p resen t .  Ortho- 
c la s e ,  an a l b i t e - r i c h  p la g io c la s e ,  and qu a r tz  dominate the m inera logy .  
Th is  u n i t  c o n s t i t u t e s  the economic focus o f  the t h e s i s ,  as i t  con ta ins  
a l l  known uranium anomalies.
Q u a r t z i t e
The q u a r t z i t e - c a l c s i l i c a t e - m a r b l e  u n i t  occurs as the s t r u c t u r a l l y  
lowest  u n i t  exposed in  the map area.  I t  crops ou t  on ly  in  the  n o r th -  
west and southwest corners  o f  the map, cove r ing  less than 3 km . I t  
tends to  form h i l l  s lopes w i th  some s t a i r - s t e p p i n g  topography due to  
r e s i s t a n t  q u a r t z i t e  la y e r s .  I t s  bes t  exposures l i e  on the southwest
8
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s id e  o f  Hoodoo Lake, and a long lo g g in g  roadcu ts .  To keep nomenclature 
c o n s is te n t  w i th  t h a t  o f  Cheney ( i n  p re s s ) ,  t h i s  u n i t  i s  r e fe r r e d  to  as 
s im p ly  the q u a r t z i t e .  The o th e r ,  s t r u c t u r a l l y  h ighe r  q u a r t z i t e  w i l l  be 
c a l l e d  the  eas te rn  q u a r t z i t e .
Th is  u n i t  c o n s is ts  o f  in te rbedded f e ld s p a th i c  q u a r t z i t e ,  c a lc -  
s i l i c a t e  s c h is t s  and gne isses ,  p e l i t i c  s c h i s t s ,  and f o r s t e r i t e  marbles.
I t  c o r r e la te s  w i th  Cheney's ( i n  press)  heterogeneous top o f  a g e n e ra l ly  
more homogeneous 650 meter t h i c k  f e ld s p a th i c  q u a r t z i t e .  Q u a r tz i te  and 
marble c o n s t i t u t e  the  m a j o r i t y  o f  the ou tcrops o f  the 2 0 0  meter exposed 
th ic k n e s s ,  whereas the o th e r ,  less  r e s i s t a n t  rock types appear on ly  in  
lo gg in g  road c u ts .  Th is  r e s i s t a n c e - c o n t r o l l e d  exposure makes de te rm ina t ion  
o f  r e l a t i v e  abundance o f  rock types d i f f i c u l t .
F e ld s p a t h i c qu a r t z i t e . In  o u tc ro p ,  the f e ld s p a th i c  q u a r t z i t e  forms 
s m a l l ,  1-3 m e te r -h ig h  c l i f f s .  Bedding, de f ine d  by in te r v e n in g ,  cont inuous 
1 cm - th ic k  b i o t i t e - r i c h  la y e rs  occurs a t  7-15 cm i n t e r v a l s .  In handsample, 
the rock i s  l i g h t  to  medium g ra y ,  and medium-grained fe ld sp a rs  form w h i te  
s t r e a k s ,  and lenses.
On the average, the rock co n ta in s  g re a te r  than 90 percent q u a r tz ,
5-10% f e ld s p a r ,  and 1-5% b i o t i te  and m uscov i te .  S i l l i m a n i t e  needles 
are a m inor  c o n s t i t u e n t .  Quartz g e n e ra l l y  occurs as anhedra l ,  medium- 
g ra in e d ,  e longa te  c r y s t a l s  w i th  su tu red  g ra in  boundar ies.  C ry s ta l  e longa­
t i o n ,  p a r a l le d  by the m icas,  d e f in e s  the f o l i a t i o n .  The fe ld s p a r  pe r ­
centage c o n s is t s  o f  ap p rox im a te ly  equal p a r ts  o r th o c la s e  and p la g io c la s e .
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They are  both medium to  coarse g ra in e d ,  and anhedra l .  S e r i c i t e  moderate ly 
to  h e a v i l y  a l t e r s  the p la g io c la s e ,  masking i t s  tw in n in g .  O rthoc lase 
shows l i t t l e  to  no a l t e r a t i o n .  I t  does d i s p la y  minor secondary ove r ­
growths which may e n g u l f  a few q u a r tz  g ra in s  a long i t s  c r y s t a l  edges.
This  l a t e - s t a g e  growth ,  and the s e r i c i t i z a t i o n  o f  the p la g io c la s e  may 
i n d i c a te  m inor  potassium metasomatism.
The medium-grained subhedra l to anhedral micas occur in  t h i n ,
2-4 cm t h i c k  l a y e r s .  They a ls o  occur a long shear p lanes ,  y e t  show no 
de fo rm at ion  themselves.  M ino r ,  ve ry  f i n e - g r a in e d  s i 11im a n i te { ? ) l o c a l l y  
r ims the m uscov i te .  B i o t i te  may e x h i b i t  minor re t ro g ra d e  a l t e r a t i o n  to  
c h l o r i  t e .
Marble and c a l c - s i 1ic a te  gn e iss .  The marbles and c a l c - s i 1ic a te  layers  
c h a r a c t e r i s t i c a l l y  occur to g e th e r  and have g ra d a t io n a l  c o n ta c ts .  They 
tend to  a s s o c ia te  w i t h  p e l i t i c  rocks ,  showing both sharp and g ra d a t io n a l  
c o n ta c ts .  The th ickness  o f  i n d i v i d u a l  beds ranges from 0.3 to  2 meters,  
w i th  marble and c a l c s i l i c a t e  beds combining to form la ye rs  I to  4 meters t h i c k
The marbles c o n ta in  65-95% c a l c i t e ,  0-15% d io p s id e ,  0-20% h e a v i ly  
s e rp e n t in iz e d  f o s t e r i t e ,  and minor p h lo g o p i te  and g a rn e t .  The medium to  
coarse g ra in ed  anhedral c a l c i t e  shows no p re fe r re d  o r i e n t a t i o n .  The 
medium g ra in e d ,  subhedral d io p s id e  and f o r s t e r i t e  are u n o r ie n te d ,  but  
form a crude band, p robab ly  a r e f l e c t i o n  o f  r e l i c  bedding. L ine a r  
1 - 3  mm long f la k e s  o f  g r a p h i t e ,  where p re s e n t ,  p a r a l l e l  t h i s  crude band.
For more s i l i c e o u s  v a r i e t i e s ,  q u a r tz  appears w i t h  d io p s id e ,  and w i th o u t  
f o r s t e r i  t e .
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The q u a r t z - f r e e  marbles show no c a t a c l a s t i c  t e x tu re s .  In  the 
q u a r t z -b e a r in g  v a r i e t i e s ,  the qua r tz  has un d u la to ry  e x t i n c t i o n ,  and 
m inor g r a n u la t i o n  o f  i t s  c r y s t a l  edges.
P e l i t i c  gn e isses. The q u a r t z i tes  grade i n t o  in te r la y e r e d  1-3 meter 
t h i c k  p e l i t i c  gne isses .  B i o t i t e ,  q u a r t z ,  and o r th o c la s e  c o n s t i t u t e  the 
major  m in e ra ls ,  accompanied by m inor p la g io c la s e ,  s i l l i m a n i t e ,  muscovite ,  
g a rn e t ,  z i r c o n ,  and a p a t i t e .  The b i o t i t e  percentage v a r ie s  from 10 to  50%, 
q u a r tz  from 15 to  75%, and o r th o c la s e  from 5 to  35%. B i o t i t e  de f ine s  
a s t ron g  f o l i a t i o n ,  f u r t h e r  accentuated by segregated maf ic  and f e l s i c  
la y e rs .  Th is  f o l i a t i o n  p a r a l l e l s  the con tac ts  w i t h i n  the  q u a r t z i t e  
u n i t .
M ig m a t i t i c  zones appear in  the p e l i t i c  la y e rs  producing f e l s i c  
s t r i n g e r s  both p a r a l l e l  and d is c o rd a n t  to  the f o l i a t i o n .  Orthoc lase 
and q u a r t z ,  w i t h  minor p la g io c la s e  dominate the 0 .4 to  4 cm t h i c k  f e l s i c  
assemblage. The more m af ic  areas c o n ta in  b i o t i t e ,  q u a r t z ,  p la g io c la s e ,  
g a rn e t ,  and s i l l i m a n i t e .  The p la g io c la s e  (An-jo_20^ in  the f e l s i c  
s t r i n g e r s  con ta ins  less  ca lc ium  than the  p la g io c la s e  (An3 5 _4 o) i "  the 
su r round ing  m af ic  la y e rs .
In  t h i n  s e c t io n  WB-72, (F ig .  3) p o i k i l o b l a s t i c ,  r o l l e d  ga rne ts ,  7-8mm 
in  d iam e te r ,  w i th  snowbal l t e x tu r e  appear o n ly  in  shear zones. They 
c o n ta in  q u a r t z ,  b i o t i t e ,  s i l l i m a n i t e ,  and a p a t i t e  i n c lu s io n s .  B i o t i t e  
concen t ra tes  near the  g a rn e ts ,  fa d in g  ou t  along the f o l i a t i o n s .  This
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b i o t i t e  i s  g e n e ra l l y  f i n e -  to  medium-grained, and undeformed. S i l l i m a n i t e  
a ls o  occurs  w i t h  the  b i o t i t e ,  commonly as g ra in s  a long b i o t i t e  c leavages. 
This  h a b i t  mimics a muscov ite  h a b i t  found in  s i  11im a n i te - f r e e  pa r ts  o f  
the s l i d e .  S i l l i m a n i t e  i s  a lso  l i m i t e d  to  these shear zones. Large 
o r th o c la s e  p o rp h y ro b la s ts  have grown, along w i t h  minor q u a r t z ,  in  the 
p ressure  shadows o f  the r o l l e d  ga rn e ts .
In unsheared p o r t io n s  o f  the s l i d e ,  n e i t h e r  g a rn e t ,  nor s i l l i m a n i t e  
occu r .  The m inera logy  c o n s is ts  o f  75% anhedral qua r tz  w i th  sutured g ra in  
boundar ies ,  20-25% w e l l - o r i e n t e d  muscovite and b i o t i t e  in  t h i n  la y e r s ,  
and 0-5% o r th o c la s e .  Muscovite i s  commonly in te rg row n w i th  b i o t i t e  along 
cleavage p lanes .  I t  may show a very  f i n e  gra ined  re a c t io n  r im  where 
n e ig hb o r in g  e i t h e r  q u a r tz  o r  o r th o c la s e .
Only the  g a r n e t - s i 11im a n i te  areas co n ta in  any re t rog rad e  e f f e c t s .  
C h l o r i t e  and m agne t i te  rep la ce  25% o f  the b i o t i t e ,  and garnet a lso  shows 
minor c h l o r i t e  a l t e r a t i o n .  O r thoc lase  may d i s p la y  m inor s e r i c i t e .
Metamorphic grade. The m inera l  assemblages o f  b io t i t e - m u s c o v i t e -  
o r th o c la s e  in  the f e ld s p a t h i c  q u a r t z i t e  and c a l c i t e - c a l c i u m  g a rn e t -d io p s id e  
can e x i s t  over wide temperature  and pressure c o n d i t i o n s ,  and do l i t t l e  to  
p r e c i s e l y  determine metamorphic grade. However, two mineral assemblages 
in  the p e l i t i c  ro cks ,  a lm a n d in e - b io t i t e - o r t h o c la s e ,  and s i l 1 im a n i te -  
a lm a n d in e - b io t i t e - o r t h o c la s e  i n d i c a te  h igh grade (W in k le r ,  1976, p. 83) 
o r  s i  11im a n i te -o r th o c la s e  zone o f  a m p h ib o l i te  f a c ie s  metamorphism (Hyndman, 
1972, p. 354).
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R e fe r r in g  back to  t h i n  s e c t io n  WB-72, unsheared p o r t io n s  o f  the 
rock have a b io t i t e - m u s c o v i t e - o r t h o c la s e  assemblage, a medium grade o f  
metamorphism m inera l  assemblage, (W in k le r ,  1976, p. 82 ) ,  whereas sheared 
rock  has the h igh -g rade  assemblages o f  a lm a n d in e - s i l l im a n i t e - o r t h o c la s e  
and b i o t i t e - a lm a n d i n e - s i l l i m a n i t e - o r t h o c l a s e  (W in k le r ,  1976, p. 82 ) .
The d i r e c te d  s t re s s  a long the  shear planes appears to  have acted as a 
c a t a l y s t  (Spry ,  1969, p. 2 ) ,  causing muscovite + q u a r t z -> s i l l i m a n i t e  + 
o r th o c la s e  + H2 O and p ro ba b ly :  muscovite + b i o t i t e  + 3 quar tz
almandine + 2 o r th o c la s e  + 2 H2 O
o r :  1 b i o t i t e  + 1 s i l l i m a n i t e  + 2 q u a r t z - »
almandine + o r th o c la s e  + H2 O 
As these re a c t io n s  re lea se  w a te r ,  a necessary i n g r e d ie n t  f o r  re t rog rade  
p ro d u c ts ,  i t  may e x p la in  why re t ro g ra d e  metamorphism was r e s t r i c t e d  to  
the sheared zones.
B io t i t e - P la g i o c l a s e  Gneiss
A b i o t i t e - p l a g i o c l a s e  gneiss 800 meters t h i c k  o v e r l i e s  the q u a r t z i t e  
u n i t .  I t  dominates the map area a r e a l l y  and to p o g ra p h ic a l l y  by cover ing  
40 o f  the 70 square k i lo m e te rs  mapped and u n d e r ly in g  the h igh es t  mountains 
in  the a rea.  Prominent n o r th -s o u th  and ea s t -w es t  j o i n t  sets  he lp  form 
the b locky  o u tc ro p s ,  prominent t a lu s  s lopes and, sheer canyons up to
1 0 0  meters deep common to  t h i s  u n i t .
Th is  gne iss  co n ta in s  30-75% p la g io c la s e ,  7-15% b i o t i t e ,  8-30% 
q u a r tz  and 5-20% o r th o c la s e .  Hornblende, g a rn e t ,  and muscovite may
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c o n t r i b u t e  up to  2 % each, whereas m ag n e t i te ,  a p a t i t e ,  and z i r c o n  occur 
o n ly  as t r a c e  m in e ra ls .  Secondary o r th o c la s e  and quar tz  may each 
c o n s t i t u t e  up to  2 0 % o f  the ro c k ,  causing the wide compos i t iona l  range. 
Exc lud ing  these secondary e f f e c t s ,  the gneiss lacks  com pos i t iona l  
band ing,  and c o n ta in s  a reasonably  c o n s is te n t  60-70% p la g io c la s e ,
10-15% b i o t o t e ,  10-20% q u a r t z ,  and 0-5% o r th o c la s e .
The p la g io c la s e  i s  andesine o f  I t s  anhedral g ra in s
t y p i c a l l y  measure 0 .3  to  1.5 mm across .  Secondary a l b i t e - r i c h  rims 
produce normal zon ing .  These r ims may be p o i k i l i t i c .  Quartz occurs 
as s in g le  g ra in s  w i th  b i o t i t e  and p la g io c la s e ,  and in  qu a r tz  s t r in g e r s  
and q u a r t z - o r t h o c la s e - g a r n e t  v e i n l e t s .  I t  i s  an hed ra l ,  0 .3 -0 .6  mm in  
d iam e te r ,  and g e n e ra l l y  has su tu red g ra in  boundaries and undulose ex­
t i n c t i o n .  Subhedral to  euhedral b i o t i t e  la th s  from 0.1 to  0 .8  mm long 
occur as u n o r ien te d  g ra in s  in  o r ie n te d  c l u s t e r s .  The b i o t i t e  may con­
t a i n  ra re  z i r c o n .  M uscov i te ,  where p re s e n t ,  occurs w i th  b i o t i t e ,  e i t h e r  
a long b i o t i t e  cleavage p lanes ,  o r  near i t  and w i th  the same h a b i t .
O r thoc lase  has two d i s t i n c t  h a b i t s .  In  one, i t  appears as a pr imary 
gne iss  m in e r a l ,  0 .3  to  0 .7  mm in  d iam e te r ,  c lo s e l y  resembling p la g io c la s e .
In the  o th e r  h a b i t ,  i t  forms coarse,  0 .8  to  3 .0  mm in  d iam ete r ,  o f te n  
p o i k i l i t i c  p o rp h y ro b la s ts  s i t u a te d  in  v e i n l e t s  w i th  q u a r tz ,  o r  as 
s ep a ra te ,  i n d i v i d u a l  c r y s t a l s .  Where p o i k i l i t i c ,  they may c o n ta in  q u a r tz ,  
p la g io c la s e ,  and b i o t i t e  i n c lu s io n s .
Accessory m ine ra ls  c h a r a c t e r i s t i c a l l y  comprise 1 to  2% o f  the ro c k ,  
bu t  may run as h igh as 5%. In decreas ing o rder  o f  abundance they are a p a t i t e .
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m a g n e t i te ,  red g a rn e t ,  z i r c o n ,  and sphene. They a l l  occur as sub­
hedra l  t o  eu he dra l ,  i n t e r s t i t i a l  g ra in s .  Z i rco n  and magnet i te  may be 
enclosed in  b i o t i t e .  The q u a r t z -o r th o c la s e  v e in l e t s  con ta in  most o f  the 
g a rne t .
Three fe a tu re s  combine to  form a prominent f o l i a t i o n .  The p a r a l l e l  
clumps o f  b i o t i t e  d e f in e  the  p r im ary  f o l i a t i o n .  C a ta c la s t i c  t e x tu r e s ,  
where p re s e n t ,  p a r a l l e l  and emphasize the pr im ary  f o l i a t i o n .  The q u a r tz -  
o r th o c la s e  v e i n l e t s ,  and l i n e a t i o n s  o f  secondary po rphy rob las ts  p a r a l l e l  
these two, and were c o n t r o l l e d  by them. W ithou t  these two secondary 
e f f e c t s ,  the  p r im ary  f o l i a t i o n  would be weak, and in  some areas,  almost 
u n n o t ic e a b le .  Close s c r u t i n y ,  however, revea ls  i t s  pervas ive  presence.
The b i o t i t e - p l a g i o c l a s e  gneiss con ta in s  u b iq u i t i o u s  c a t a c la s t i c  
t e x t u r e s .  They run the gamut from undulose e x t i n c t i o n  and minor granu­
l a t i o n  o f  q u a r tz  to  w e l l -d e ve lo p e d  f l a s e r  t e x tu r e s .  In gene ra l ,  t h e i r  
i n t e n s i t y  v a r ie s  in v e r s e ly  w i th  dep th .  C a ta c la s t i c  zones do n o t ,  however, 
have an even d i s t r i b u t i o n  as r e l a t i v e l y  un a f fec ted  la ye rs  separate sheared 
zones.
In the f l a s e r  t e x t u r e s ,  p o rp h y ro c la s ts  o f  p la g io c la s e  and o r th o c la se  
s i t  i n  a m a t r ix  o f  crushed q u a r tz  and fe ld s p a rs .  The p o rph y roc las ts  are 
g e n e r a l l y  rounded, as i f  t h e i r  corners  broke o f f .  In extreme cases, j u s t  
s h o r t  o f  being m y l o n i t i c ,  the m a t r i x  c o n s t i t u t e s  80% o f  the ro ck .  In  
the m a t r i x ,  q u a r tz  shows extreme g r a n u la t i o n ,  sutured g ra in  boundar ies ,  
and undulose e x t i n c t i o n .  Feldspars  have bent tw in  p lanes ,  and a d i s ­
t o r t e d  e x t i n c t i o n .  B i o t i t e  tends to  con cen t ra te  in  the m a t r i x .  I t  
o r i e n t s  w e l l  w i t h  the c a t a c l a s t i c  t e x t u r e ,  and fo l lo w s  the  m a t r i x ,  where i t  
bends around the  fe ld s p a r  augen. The b i o t i t e  g ra in s  have s t r a i g h t ,  unbroken
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cleavage p lan es ,  even where i t  i s  e i t h e r  e n t i r e l y  surrounded by g ranu la ted  
m a t r i x  o r  in  la y e rs  t h a t  wrap around the p o rp h y ro c la s ts . Th is  in d ic a te s  
r e c r y s t a l l i z a t i o n  subsequent to  the c a t a c la s i s .
O r th oc lase  p o rp h y ro c la s ts  commonly show secondary growth,  as they 
have engu l fed  g ra n u la te d  m a t r ix  g ra in s  a long t h e i r  edges. P lag ioc lase  
may show t h i s  same fe a tu re  in  sodium r i c h  r im s ,  though not as commonly.
This  a d d i t i o n  o f  m a te r ia l  c o in c id e s  te m p o ra l ly  w i t h  the c a t a c la s t i c  event.
In less  extreme v a r i e t i e s  o f  c a t a c l a s t i c  t e x tu r e s ,  crushed m a te r ia l  
i s  l i m i t e d  to  3-6mm-thick la ye rs  se p a ra t ing  r e l a t i v e l y  und is tu rbed 
a reas .  Where crushed la y e rs  are absen t ,  shear planes and undulose 
e x t i n c t i o n  remain to  i n d i c a te  the presence o f  de fo rm a t io n .  In t h i s  gne iss ,  
the p la n a r  c a t a c l a s t i c  t e x tu re s  p a r a l l e l  the  p r im ary  f o l i a t i o n .
Amphi b o l i  te
A b la c k  a m p h ib o l i te  l i e s  above the b i o t i t e - p l a g i o c l a s e  gne iss .
U n l ik e  the u n d e r ly in g  g n e is s ,  the a m p h ib o l i te  forms g e n t le  s lopes .  In 
hand sample, t h i s  f o l i a t e d  rock v a r ie s  from homogeneous to  conspicuous ly  
layered  w i t h  l-2mm-wide w h i te  la y e rs  separated by 3-6mm-wide dark la ye rs  
p a r a l l e l i n g  the  f o l i a t i o n .  B lack hornblende dominates the  c o l o r ,  whereas 
p la g io c la s e  forms the  w h i te  la ye rs  and adds a speckled appearance to  the 
homogeneous a m p h ib o l i te .
In  t h i n  s e c t io n ,  the rock  t y p i c a l l y  con ta ins  60-65% hornblende,
30-35% p la g io c la s e  (AngQ.go), 2-5% sphene, 0-3% d io p s id e ,  and a t r a c e  to  
1% m ag ne t i te .  The hornblende forms a 5 to  2mm-long subhedral l a t h .  They 
are  w e l l  o r ie n te d  w i th  s u b - p a r a l l e l  c r y s t a l l o g r a p h i c  axes, and d e f in e
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the  f o l i a t i o n .  They e x h i b i t  l i g h t -  to  dark -g reen  p leochro ism with®C= 
l i g h t  g r e e n , //■= dark green, and ^ = da rke r  green. The p la g io c la s e  occurs 
as e q u id im e n s io n a l , anhedral c r y s t a l s  0.25 to  0 . 6mm in  d iameter .  Where 
p re s e n t ,  c r y s t a l  e lo n g a t io n  p a r a l l e l s  the hornblende f o l i a t i o n .
P la g io c la s e  seg rega t ions  form the  w h i te  la ye rs  w i th  g ra in s  t h a t  are 
coa rse r  (0 .6  to  1.5mm in  d ia m e te r ) ,  and s l i g h t l y  more euhedral than e l s e ­
where. T h e i r  a n o r t h i t e  c o n te n t ,  however, does not d i f f e r .  Hornblende 
forms a cont inuous coarse g ra in e d ,  l - 2mm t h i c k  border zone on both s ides 
o f  the la y e r s .  Th is  border zone grades q u i c k l y  back i n t o  a more homo­
geneous rock .  M ix ing  the w h i te  l a y e r  and i t s  border produces mineral  
percentages s i m i l a r  to  the r e s t  o f  the  rock .  T h is ,  p lus the cons tan t  
p la g io c la s e  co n te n t ,  suggests metamorphic seg rega t ion  created the la ye rs .
D iops ide  occurs as 0 .3  to  1.0mm in  d iam ete r  anhedral c r y s ta l s  un­
even ly  d i s t r i b u t e d  as crude clumps. The u n usu a l ly  abundant sphene appears 
m a in ly  as subhedra l ,  0 .05 to  0.2mm-long wedges. I t s  c r y s ta l  form v a r ie s  
w id e ly  from euhedral wedge-shaped c r y s t a l s  to  anhedra l ,  rounded g ra in s .
I t  occurs even ly  d i s t r i b u t e d  in  the rock as c r y s t a l s  e i t h e r  i n t e r s t i t i a l  
t o ,  o r  in c lu de d  in  hornb lende.  T h e i r  long axes p a r a l l e l  the f o l i a t i o n .  
M a g n e t i te ,  the o n ly  opaque m in e r a l ,  forms in c lu s io n s  0.05 to  0 . 1mm in  
d iam e te r ,  in  sphene and hornb lende.
A c t i n o l i t e ,  c h l o r i t e ,  and s e r i c i t i z e d  p la g io c la s e  surrounded by 
b i o t i te  form c a l c - s i 1 i c a te  la ye rs  2 t o  1 0 cm t h i c k  w i t h in  the a m p h ib o l i te .  
These assemblages p inch  and swe l l  a long s t r i k e  causing a d iscon t inuous  
la y e r .  A 1 m e te r - t h ic k  marble w i th  d i s t i n c t  bedding a lso  occurs w i t h i n  the 
a m p h ib o l i t e .  I t  i s  e s s e n t i a l l y  pure c a l c i t e .
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P é tro g ra ph ie  s tu d ie s  found no f a c ie s - d i a g n o s t i c  metamorphic m inera l  
assemblages. H o rn b le n d e -d io p s id e -p la g io c la s e  mere ly  i n d i c a te  a meta­
morphic grade in  the a m p h ib o l i te  f a c ie s  (Hyndman, 1972, p. 354) o r  medium 
to  h igh grade (W in k le r ,  1976, p. 82 ) .  The u n i t ' s  s t r u c t u r a l  p o s i t i o n  
suggests the  grade may be lower than s i l l i m a n i t e  zone, probab ly  p lac ing  
i t  in  e i t h e r  the k y a n i te  o r  s t a u r o l i t e  zone o f  the a m p h ib o l i te  fa c ie s  
( W in k le r ' s  medium g ra de ) .
Easte rn  Q u a r t z i t e
White t o  s l i g h t l y  r u s t - c o lo r e d  q u a r t z i t e  comprises g re a te r  than 90% 
o f  t h i s  u n i t .  Q u a r t z - r i c h  s c h i s t s ,  mica s c h i s t s ,  and c a l c - s i l i c a t e  beds 
in t e r l a y e r e d  w i th  the q u a r t z i t e  make up the remain ing 10%. Contacts be­
tween a l l  rock types tend to  be g r a d a t io n a l .  The q u a r t z i t e  occurs both 
as massive la y e rs  and as beds 2 to  4 c m - th ick  in  a se c t io n  some tens o f  
meters t h i c k .  Micaceous p a r t in g s  accentuate  the  bedding, and a lso  make 
n ice  planes along which lo c a l  q u a r r ie r s  s p l i t  the  d e co ra t ive  rock .  The 
o th e r  i n te r la y e r e d  rock types vary  i n  th ickn ess  from 0 .5  to  3 .0  meters,  
averag ing  1 meter.  They combine to  form th icknesses  o f  3-5 meters.  In 
o u tc ro p ,  t h i s  u n i t  forms stepped c l i f f s  as i t  s p a l l s  o f f  a long j o i n t s  and 
bedding p lan es .  Two smal l q u a r r ie s  improve exposure. To m a in ta in  
te rm in o lo g y  c o n s is te n t  w i th  Cheney's ( i n  p re s s ) ,  t h i s  u n i t  i s  here c a l le d  
the Eastern Q u a r t z i t e ,  as opposed to  the  K i f e r  Q u a r tz i te  (D o nn e l ly ,  1978).
In t h i n  s e c t io n ,  the q u a r t z i t e  averages 95% q u a r t z ,  5% m uscov i te ,  
and a t r a c e  o f  p y r i t e .  The 0 .2  to  0.5mm-long anhedral q u a r tz  g ra in s  show 
su tu red  g ra in  boundaries and undulose e x t i n c t i o n .  They a re  g e n e ra l l y  
e lon ga te  p a r a l l e l  to  the f o l i a t i o n .
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Muscov i te  has two h a b i t s .  Well a l ig n e d  subhedral to  anhedral la th s  
0 .05 to  0.1mm long occur th roughou t  the rock both between quar tz  g ra in s ,  
and p a r t i a l l y  enclosed w i t h i n  two q u a r tz  g ra in s .  They have s t r a i g h t  
c leavage p lanes ,  and show no s igns o f  ph ys ica l  d i s t o r t i o n .  Coarser 
muscov ite  g ra in s  from 2 to  Smmlong o c c u r r in g  in  t h i n  laminae 2 - 3mm th i c k  
have bent and broken c leavage p lanes,  and splayed ends. Quartz g ra in s  
nearby are f i n e - g r a in e d  and ex t rem e ly  sutured and g ra nu la te d ,  e v id e n t l y  
r e f l e c t i n g  l o c a l l y  concen tra ted  c a t a c l a s t i c  de fo rm a t ion .
As the  th ickn ess  o f  these muscov ite  laminae in c rea se ,  the  q u a r t z i t e  
grades i n t o  qu a r tz -m ica  s c h i s t  w i th  up to  40% muscov ite .  Coarse muscovite ,  
s i m i l a r  in  h a b i t  and s iz e  to  the  above m uscov i te ,  s t i l l  shows deformat ion 
c h a r a c t e r i s t i c s .  F lase r  te x tu re s  appear,  w i th  q u a r tz  eyes surrounded by 
f i n e r  q u a r tz  g r a in s .  The q u a r tz  eyes show undulose and i n t e r n a l l y  d i s ­
cont inuous e x t i n c t i o n .  The c a t a c l a s t i c  f o l i a t i o n  i n te r s e c t s  the  f i n e ­
g ra ined  w e l l  o r ie n te d  muscov ite  a t  a small ang le .
T r e m o l i t e ,  d io p s id e ,  and minor f i n e  g ra ined  p la g io c la s e  c o n s t i t u t e  
the c a l c - s i l i c a t e  m ine ra logy .  They form t h i n  com pos i t iona l  laye rs  in  the 
q u a r tz -m ica  s c h is t s .
The o n ly  evidence o f  metamorphic grade w i t h i n  the u n i t  i s  the assemblage 
o f  d i o p s id e - t r e m o l i t e - p la g io c la s e  which in d ic a te s  metamorphic c o n d i t io n s  
w i t h i n  the  a m p h ib o l i te  f a c ie s .
Summary o f  Metamorphic Grades
In the s t r u c t u r a l l y  lowest  metamorphic u n i t ,  the e q u i l i b r i u m  assemblages 
o f  s i  1 1 im a n i te -o r th o c la s e -a lm a n d in e  and o r th o c la s e - a lm a n d in e - b io t i te  in d i c a te
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metamorphism w i t h i n  h igh grade, o r  s i  1 1 im a n i te -o r th o c la s e  zone o f  the 
a m p h ib o l i t e  f a c ie s .  Th is  u n i t  en tered  t h i s  grade o f  metamorphism by the 
r e a c t io n :  muscovite  + q u a r t z i t e  s i  11im a n i te  + o r th o c la se  + HoO,
t h a t  occurred  d u r in g  shea r ing .
Those h igh  grade assemblages do no t  e x i s t  in  the  o v e r ly in g  b i o t i te  
p la g io c la s e  g n e iss .  Since shear ing p o s s ib ly  drove the metamorphic re a c t io n s  
to  a h ig h e r  grade in  the u n i t  below, s i m i l a r  assemblages would be expected 
in  t h i s  more p e rv a s iv e ly  sheared u n i t  i f  c o n d i t io n s  had been a p p ro p r ia te .  
In s te a d ,  the  assemblage b io t i t e - m u s c o v i t e - o r t h o c la s e  occurs th roughou t ,  
i n d i c a t i n g  medium grade metamorphism. The change in  metamorphic c o n d i t io n s  
asso c ia te d  w i th  the shear ing  was no t  g re a t  enough to  change the  metamorphic 
grade in  the  b i o t i t e - p l a g i o c l a s e  gne iss .  Somewhere near the  gne iss -  
q u a r t z i t e  c o n ta c t  l i e s  the isograd  separa t ing  h igh  from medium metamorphic 
grade.
In the  o v e r ly in g  a m p h ib o l i t e ,  h o rn b le n d e -d io p s id e -p la g io c la s e  form 
an e q u i l i b r i u m  assemblage. A c a l c - s i l i c a t e  e q u i l i b r i u m  assemblage o f  
p l a g i o c l a s e - d i o p s i d e - a c t i n o l i t e  occurs in  the  upper q u a r t z i t e .  The 
assemblages in  the upper th re e  metamorphic u n i t s  may form in  e i t h e r  the 
s t a u r o l i t e  o r  k y a n i te  zone. As a l l  rocks in  the  s tudy area d is p la y  
Ba rrov ian  assemblages, a "normal"  geothermal g ra d ie n t  o f  approx im ate ly  
25°C/km may be assumed. Over t h i s  exposed s t r a t i g r a p h i e  th ickness  o f  less 
than 1 .5  km, the temperature  should change a maximum o f  40®C. As t h i s  
i s  p robab ly  no t  g re a t  enough to  change metamorphic zones, the  e n t i r e  
sequence above the bottom q u a r t z i t e  should f a l l  in  the  k y a n i te  zone o f  the 
a m p h ib o l i t e  f a c ie s .
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S t r i g r a p h i e  R e la t io n s h ip s
The q u a r t z i t e  u n i t  w i th  i t s  assoc ia ted  m arb les ,  c a l c - s i l i c a t e  
la ye rs  and p e l i t i c  s c h i s t s  forms the  s t r a t i g r a p h i c a l l y  and s t r u c t u r a l l y  
lowest  u n i t  i n  the s tudy  area.  I t  was o b v io u s ly  a sedimentary sequence 
p r i o r  to  metamorphism.
The b i o t i t e - p l a g i o c l a s e  gneiss l i e s  unconformably above i t .  The 
basal p o r t i o n  o f  the gne iss  t ru n c a te s  bedding o f  the q u a r t z i t e .  I t  a lso  
con ta ins  in c lu s io n s  o f  the u n d e r ly in g  rock u n i t  in  t h i s  area and in  o thers  
(Cheney, in  p re s s ) .  These r e l a t i o n s h ip s ,  and the u n i t ' s  massive appearance 
and un i fo rm  compos i t ion  combine to  s t r o n g ly  suggest an igneous grano- 
d i o r i t e  i n t r u s i o n  as a p r o t o l i t h .  Subsequent metamorphism and shear ing 
produced i t s  f o l i a t i o n .
The a m p h ib o l i te  o v e r l i e s  the gneiss everywhere in  the  Nancy Creek area. 
The c o n ta c t  appears to  be l o c a l l y  conformable.  Where exposed, i t  forms a 
sharp,  s l i g h t l y  u n d u la t in g  s u r fa c e .  No c o n ta c t  e f f e c t s  o f  any k ind were 
found. No d ikes  o r  apophyses o f  the gneiss cu t  the a m p h ib o l i te ,  and the 
gne iss  co n ta in s  no a m p h ib o l i te  i n c lu s io n s .  Regionally*,  the  a m p h ibo l i te  
occurs o n ly  along p a r ts  o f  the  eas te rn  margin o f  the K e t t l e  Dome, suggest ing 
an u n con fo rm i ty  a long a t  l e a s t  one o f  i t s  co n ta c ts .
P re to  (1970) c la im s  t h a t  pa ra -  and o r th o -a m p h ib o l i tes  become c h e m ic a l ly ,  
and consequent ly  m i n e r a l o g i c a l l y , i n d i s t i n g u i s h a b le  a f t e r  metamorphism 
and metasomatism a f f e c t  them. Both o f  these processes have a l te r e d  the 
Nancy Creek a m p h ib o l i t e s . The m inera l  percentages o f  these am ph ibo l i tes  
may come from the metamorphism o f  e i t h e r  an a n d e s i t i c  ro ck ,  o r  a sha le
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c o n ta in in g  up to  35% f re e  carbonate (Nocko lds ,  1954). F ie ld  r e la t io n s h ip s  
must dec ide  t h e i r  o r i g i n .  Conformable c a l c - s i l i c a t e  and marble laye rs  
are desc r ibed  in  t h i s  t h e s is  and by Donnel ly  (1978).  Lyons (1967) notes 
g ra d a t io n a l  con tac ts  between c o r r e l a t i v e  am p h ib o l i te s  and the  surround ing 
meta-sed imentary  rocks .  Though no t  c o n c lu s iv e ,  these imply a sedimentary 
o r i g i n .  Th is  o r i g i n  a ls o  b e t t e r  e x p la in s  the  u n i t ' s  th ickness  and lack 
o f  re g io n a l  e x te n t .
The eas te rn  q u a r t z i t e  a ls o  appears l o c a l l y  con formab le ,  as i t  con­
s i s t e n t l y  s i t s  above the a m p h ib o l i te .  R e g io n a l ly ,  however, i t  l i e s  in  
c o n ta c t  w i th  both the a m p h ib o l i te  and the b i o t i t e - p l a g i o c l a s e  gne iss ,  
c u t t i n g  across t h e i r  co n ta c ts  undef lec ted  (F ig .  2 ) .  Th is  in d ic a te s  an 
e r o t io n a l  uncon fo rm i ty  r a t h e r  than an i n t r u s i v e  con tac t  a t  the  base o f  the 
ea s te rn  q u a r t z i t e .  Th is  uncon fo rm i ty  may e x p la in  the  r e g io n a l l y  uncon- 
fo rmab le  ou tc rop  p a t te rn  o f  the a m p h ib o l i te .  The lack o f  i n t r u s i v e  r e ­
la t i o n s h i p s  between the a m p h ib o l i te  and u n d e r ly in g  gne iss  may suggest 
the presence o f  an e ro s io n a l  uncon fo rm i ty  the re  a ls o .
C o r r e l a t i on and Age o f  the Metamorph ic  S t ra t ig ra p h y
Parker and C a lk in s  (1964) ,  work ing west o f  the northwest co rner  o f  
the K e t t l e  Dome, d e sc r ib e  a 17 ,000- f o o t  t h i c k  metamorphic s e c t io n ,  naming 
i t  the  Tenas Mary Creek Group (TMC). I t  c o n s is ts  o f  seven u n i t s ,  from 
top to  bot tom: 1. R h y l l i te  u n i t
2. S c h is t  u n i t
3. Q u a r tz -p la g io c la s e  gneiss
4. Hornblende s c h i s t
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5. Q u a r t z i t e
6 . Marble and r e la te d  rocks
7. O r th o c la s e -q u a r t z - o l i g o c la s e  gne iss .
An u n con fo rm i ty  e x i s t s  between the  p h y l l i t e  and s c h i s t  u n i t s ,  and another 
one p o s s ib ly  between the s c h i s t  u n i t  and q u a r t z -p la g io c la s e  gne iss .  
Metamorphic grade decreases c o n t in u o u s ly  from upper a m p h ib o l i te  grade 
in  the  basal u n i t  to  g re e n s c h is t  in  the p h y l l i t e .
Cheney (1979) extended the TMC u n i t s  to  the K e t t le  Dome, no t ing
the same s e c t io n  th roughou t  the area.  He excluded the  p h y l l i t e  u n i t  
due to  i t s  low metamorphic grade and u n d e r ly in g  uncon fo rm i ty .  The 
desc r ibed  s e c t io n  a t  Nancy Creek c o r r e la te s  w i th  the  upper p a r t  o f  the 
TMC type s e c t io n .  The lower q u a r t z i t e  u n i t  c o r r e la te s  w i th  the TMC 
q u a r t z i t e .  The b i o t i t e - p l a g i o c l a s e  gneiss matches t h e i r  q u a r tz -  
p la g io c la s e  gn e iss .  The in te r v e n in g  hornblende s c h i s t  in  the  type sec t io n  
t h in s  to  the east  (Parker & C a lk in s ,  1964) and does not  appear on the 
eas te rn  edge o f  the dome. The upper s c h i s t  u n i t  a ls o  i s  m iss ing .  The 
eas te rn  q u a r t z i t e ,  and the a m p h ib o l i te  crop ou t  o n ly  on the eastern edge 
o f  the K e t t l e  Dome. Donnel ly  (1978) inc luded  them in  the  TMC s e c t io n  as 
they c o n ta in  the same gene ra t io n  f o l d s .  There is  a ls o  no sharp change 
o f  metamorphic grade from u n d e r ly in g  rocks .
Parker and C a lk in s  (1964) c la im  a pre-Permian age f o r  the  TMC rocks ,
because Permian greenstones o v e r l i e  them. They c o r re la te d  the TMC rocks
w i t h  the Grand Forks Group to  the no r th  ( L i t t l e ,  1954; P re to ,  1970), 
n o t in g  many s i m i l a r i t i e s  between TMC and Shuswap te r ra n e  rocks .  L i t t l e  
(1957) dates the Grand Forks Group as p re -P ennsy lvan ian ,  and probab ly
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
Precambn'an. Wanless and Reesor (1975) p ro v id e  I s o to p ic  evidence o f  
P ro te ro z o ic  basement rock invo lvement in  the Mesozoic s t r u c tu re s  o f  the 
Shuswap te r r a n e ,  us ing a Pb-U age d e te rm in a t io n  on a z i rco n  separate 
from a g r a n o d io r i t e  gne iss  o f  the core zone o f  the Thor-Odin gneiss dome 
o f  1960 +. 45 m.y.
I n t e r p r e t i n g  the shear zone t h a t  forms the  eas te rn  border o f  the 
K e t t l e  Dome as a detachment (Cheney, 1979), Bowman's (1950) Paleozoic 
u n i t s  eas t  o f  the K e t t l e  R ive r  in  the O r ie n t  area j u s t  no r th  o f  Nancy 
Creek would have o v e r la in  the TMC metamorphic s e c t io n .  His basal 
Pa leozo ic  u n i t ,  the  Glascow m arb le ,  c o r r e la te s  w i th  the  Cambrian 
M e ta l in e  Formation (Yates ,  1971). Th is  n e ce ss i ta te s  e i t h e r  a Cambrian 
or Precambrian age f o r  the metamorphic rocks .  P re l im in a ry  Rb/Sr whole 
rock dates o f  600 to  1200 m.y. from R. L. Armstrong (1977, personal 
communication in  Cheney, in  p ress)  on the b i o t i t e - p l a g i o c l a s e  gneiss and 
u n d e r ly in g  g r a n i t i c  gne iss  (GPPG in  F ig .  2) (Cheney, in  press) in d ic a te  
a Precambrian and p o s s ib ly  p r e - B e l t i a n  age f o r  the TMC s e c t io n .
The TMC s e c t io n  does no t  c o r r e l a t e  w e l l  w i t h  e i t h e r  the  basal 
Cambrian, B e l t i a n ,  o r  Windermere-Deer T r a i l  sediments in  ad ja cen t  areas 
o f  n o r th e a s te rn  Washington (Cheney, 1979; M i l l e r  and C la rk ,  1975;
G r ig g s ,  1973; Yates, 1971). These sed imentary rocks have much lower 
metamorphic grades, and Cheney (1979) cou ld  f i n d  no common p r o t o l i t h s  
f o r  the  TMC marb les ,  o r  q u a r t z i t e s  w i th  the a p p ro p r ia te  composi t ion o r  
t h i c k n e s s .
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M i l l e r  and C la rk  (1975) ment ion a b e l t  o f  h ig h ly  r e c r y s t a l l i z e d  
q u a r t z i t e ,  a m p h ib o l i t e ,  and quar tz -m ica  s c h is t s  i n  the Chewelah-Loon 
Lake a rea ,  sou theas t  o f  Nancy Creek. These rocks are in  con tac t  f o r  
severa l  m i le s  w i th  the basal B e l t ia n  u n i t ,  the  P r i t c h a rd  Formation.
Poor exposure p r o h ib i t e d  d e f in in g  any c o n ta c t  r e l a t i o n s h ip s ,  y e t  they 
cou ld  no t  r e l i a b l y  ass ign  the metamorphic rocks to  the P r i t c h a rd  or 
any o th e r  mapped u n i t .  Griggs (1973) mapped mica s c h i s t s ,  q u a r t z - p la g io -  
c l a s e - b i o t i t e  g n e is s ,  q u a r t z i t e ,  m ig m a t i te s ,  and p o rp h y ro b la s t i c  gneiss 
w i th  shear ing  and m y lo n i t i c  zones rough ly  p a r a l l e l  to  the f o l i a t i o n .  He 
c la im s  they  are  B e l t i a n  sed iments ,  d e s p i te  t h e i r  d i f f e r e n c e  in  grade 
( s i l l i m a n i t e  and g re e n s c h is t  f a c i e s ) ,  a la ck  o f  rocks w i th  in te rv e n in g  
metamorphic grades, and no l i t h o l o g i e  c o r r e la t i o n s  d e sp i te  c lo se  s p a t ia l  
r e l a t i o n s h ip s .  Both o f  the areas o f  metamorphic rocks descr ibed belong 
to  the Spokane Dome, an area o f  g e n t l y  f o ld e d ,  h igh grade metamorphic 
rocks .  As noted, these rocks do no t  1i t h o l o g i c a l l y  c o r r e la t e  w i t h  B e l t ia n  
s t r a t a ,  and Cheney ( i n  press)  n o t ice d  t h a t  on a re g io n a l  s ca le ,  B e l t ia n  
sediments conformably  surround t h i s  dome. Th is  s t r o n g ly  suggests a p re -  
B e l t i a n  age f o r  i t s  rocks .  The rocks o f  the  K e t t l e  Dome c o r r e la te  w e l l  
w i t h  the  Spokane Dome 1i t h o l o g i c a l l y  and w i t h  i t s  metamorphic grade, 
im p ly in g  a p r e - B e l t i a n  age f o r  them a ls o .
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CHAPTER I I I  
GRANITE DIKES
I n t r o d u c t i  on
G ra n i te  masses o f  the Nancy Creek area come in  many s i z e s ,  shapes, 
and t e x t u r e s .  T h e i r  s iz e  v a r ie s  f rom v e in l e t s  1 cm t h i c k  and 10 cm 
long ,  to  masses 10 meters t h i c k  and g re a te r  than 100 meters long .  They 
may form ameoboid pods, or  t a b u la r  bod ies .  T h e i r  te x tu re s  d i s p la y  g ra in  
s ize s  from very f i n e  to  very coarse,  though they g e n e ra l l y  f a l l  i n t o  
th re e  s iz e  c a te g o r ie s :  a p l i t i c ,  g r a n i t i c ,  and p e g m a t i t i c .  The a p l i t i c  
v a r i e t y  has a g ra in  s iz e  o f  0 .2  to  0.5mm, and a sugary t e x tu r e .  The 
g r a n i t i c  d ikes  have e q u ig ra n u la r  g ra in s  l-3mm in  d iam ete r ,  and look l i k e  
a t y p i c a l  p h a n e r i t i c  g r a n i t e .  The g r a in  s iz e  o f  the  pegmati te va r ies  
from 5 to  2 0 mm. One te x t u r e  commonly grades i n t o  another  over a sh o r t  
d is ta n c e  o f  l - 2 cm.
D esp i te  the g re a t  d imensional and t e x t u r a l  v a r i e t y ,  the  m inera logy 
remains c o n s is te n t  and the compos i t ions  remain w i t h in  l im i t e d  bounds. 
A l though i n d i v i d u a l  hand samples and zones in  the  d ikes  may range in  
com pos i t ion  from g r a n i t e  to  s y e n i te  in  com p os i t ion ,  they average ou t  to  a 
g r a n i t e .  They are t y p i c a l l y  l e u c o c r a t i c  w i th  major m inera l percentages 
o f  45% o r th o c la s e ,  30% q u a r t z ,  and 20% p la g io c la s e .  B i o t i t e ,  g a rn e t ,  
and muscov i te  amount t o  5%, except f o r  lo c a l  c o n c e n t ra t io n s .  A p a t i t e ,  
z i r c o n ,  m a g n e t i te ,  and p y r i t e  g e n e r a l l y  comprise less  than a pe rcen t .
27
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Petrography o f  Pegmatite Dikes
The pegm at i te  d ikes  have a c o n s is te n t  le u c o c r a t i c  m inera logy  o f  
q u a r t z ,  o r th o c la s e ,  and p la g io c la s e ,  averaging 30%, 45%, and 25% 
r e s p e c t i v e l y .  Zoning w i t h i n  the d ikes  p rov ides  d i f f e r e n t  percentages 
as o r th o c la s e  ranges from 30 and 80%, qu a r tz  from 10 and 40%, and 
p la g io c la s e  from 5 to  45%. Desp i te  the v a r i a t i o n s ,  an in te g ra te d  com­
p o s i t i o n  s t i l l  f a l l s  c lo se  to  the  average a n d , in  a l l  c a se s , in  the 
g r a n i t e  range.
O r thoc lase  forms p e r t h i t i c ,  anhedral g ra in s  3 to  30mm in  d iameter .
The coa rse r  c r y s t a l s  occur as e i t h e r  po rph y rob la s ts  o r  augen, whereas the 
sm a l le r  3 to  4mm c r y s t a l s  form le n so id  s t r i n g e r s .  The coarse porphyro­
b la s ts  a re  g e n e ra l l y  p o i k i l i t i c  around t h e i r  m arg ins ,  c o n ta in in g  i n ­
c lu s io n s  o f  q u a r t z ,  p la g io c la s e ,  ga rne t  and r a r e l y  muscov i te .  Myrme- 
k i t i c  and m ic ro g ra ph ie  te x tu re s  a lso  occur as in c lu s io n s  and along the 
edges o f  the  la rge  c r y s t a l s .  These p o i k i l i t i c  margins are o p t i c a l l y  
c le a r e r  and show markedly less  undulose e x t i n c t i o n  than the  cores.
The common p la g io c la s e  i s  o l i g o c la s e ,  Angg. I t s  a n o r t h i t e  percentage 
v a r ie s  from a ra re  low o f  7 to  a h igh  o f  25. The o l i g o c la s e  c h a ra c te r ­
i s t i c a l l y  occurs as anhedral to  subhedral po rph y rob la s ts  o r  augen 
2 - 1 0 mm in  d iam e te r ,  and r a r e l y  as 0 . 2  t o  0 . 6mm across,  euhedral to  
anhedra l in c lu s io n s  in  o r th o c la s e .  Along i t s  borders i t  may c o n ta in  minor 
q u a r tz  and o r th o c la s e  i n c lu s io n s ,  and e x h i b i t  normal zon ing .  I t  g e n e ra l ly  
shows m inor  s e r i c i t e  a l t e r a t i o n .
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Quartz  occurs r a r e l y  as coarse " p e g m a t i t i c "  c r y s t a l s  and g e n e ra l ly  
i n  e i t h e r  i n t e r s t i t i a l  aggregates o f  c r y s t a l s  0 .3  to  1mm in  d iameter 
o r  as 0 .5  to  5mm t h i c k  lens-shaped s t r i n g e r s  a long f o l i a t i o n  p lanes.
Quartz c r y s t a l s  i n v a r i a b l y  have sutured g ra in  boundaries and undulose 
e x t i n c t i o n .  The q u a r tz  s t r i n g e r s  d i s p la y  i n t e r n a l l y  d iscon t inu ou s  ex- 
t i  n c t i  on .
A lmost a l l  g r a n i t e  d ikes  co n ta in  garne t  in  small amounts, e s p e c ia l l y  
the p e g m a t i t i c  and a p l i t i c  d ikes  in  which i t  averages 1-2%. In pegmatite 
d ik e s ,  i t  may comprise up to  25% when concen tra ted  in  p lanar  and p o d - l i k e  
zones. I t  forms c r y s t a l s  which a re  0.4mm to  1cm in  d iam e te r ,  subhedral 
to  e u he d ra l ,  and g e n e ra l l y  cracked o r  broken. They are  commonly 
p o i k i l i t i c  w i th  a p a t i t e ,  q u a r t z ,  and ra re  u r a n i n i t e  in c lu s io n s .  Minor 
c h l o r i t e  a l t e r a t i o n  appears along the  cracked su r fa ces .  In the  pegmat i tes ,  
and to  a le s s e r  e x te n t  in  the  a p l i t e s ,  ga rne t  forms the  main, i f  not 
o n ly ,  ferromagnesium m in e ra l .  Where p re s e n t ,  b i o t i te  i s  c l e a r l y  sub­
o r d in a te .  In  the g r a n i t i c  d i k e s ,  b i o t i t e  becomes dominant,  w i th  garnet  
i n  the  sub o rd in a te  r o l e .  Th is  r e l a t i o n s h i p ,  the  occurrence,  and the  red 
c o l o r ,  suggest the ga rne ts  are  pyrope-a lmandine.
B i o t i t e  and m usco v i te ,  t y p i c a l l y  common g r a n i t i c  m in e ra ls ,  are 
uncommon in  these d ik e s .  B i o t i t e  occurs i n  approx im a te ly  a q u a r te r  o f  
the pegm at i te  d ik e s ,  and ranges from 0  to  a maximum o f  2 % in  uncontaminated 
d ik e s .  I t  forms small l a t h s  0.1 to  0.6mm lo n g ,  g e n e ra l l y  found o n ly  in  
c a t a c l a s t i c  zones. These la th s  show no de fo rm a t ion  o f  e i t h e r  c r y s ta l  
shape o r  c leavage p lanes .  The appearance o f  b i o t i t e  commonly co inc ides
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w i th  a decrease in  the g a rne t  percentage. Muscovite i s  less common than 
b i o t i t e ,  appear ing in  fewer than 10% o f  the d ik e s .  I t  may occur as 
un o r ien te d  f la k e s  up to  0 . 6mm lo n g ,  but  c h a r a c t e r i s t i c a l l y  mimics b i o t i t e  
in  the c a t a c la s t i c  zones.
Of the  t ra c e  m inera ls  p re s e n t ,  a p a t i t e  appears in  g re a te s t  abundance, 
I t  forms cracked subhedral to  euhedral hexagonal prisms 0.2 to  0.4mm 
in  d iameter  and up to  1mm long .  They g e n e ra l l y  amount to  much less than 
a p e rcen t  except where in  lo c a l  c o n c e n t ra t io n s  o f  up to  2-4%, assoc ia ted 
w i th  ga rne t  c o n c e n t ra t io n s .  The remainder o f  the t ra c e  m inera l  s u i t e  
c o n s is ts  o f  p y r i t e ,  m ag ne t i te ,  z i r c o n ,  and sphene. Z i rcon  and sphene 
occur r a r e l y .  P y r i t e  and m agne t i te  are more common, and may show minor 
c o n c e n t ra t io n s  w i th  u r a n i n i t e  in  the g a r n e t - r i c h  zones.
M inéra lo g ie  z o n ing. No sys tem at ic  m in é ra lo g ie  zon ing ,  such as the 
c la s s i c  c o n c e n t r i c  zoning o f  many pe gm a t i tes ,  occurs in  t h i s  pegmatite 
system. Some zoning does occu r ,  fo rm ing le n s o id  la ye rs  p a r a l l e l  to  the 
long a x is  o f  the d ik e s ,  and smal l pods, both in  i r r e g u l a r  pa t te rns  
g e n e r a l l y  t ru n ca te d  by l a t e r  d ikes  (F ig .  4 ) .
Layers o f  conspicuous ga rne t  c o n c e n t ra t io n  form the most n o t ice a b le  
zones. A p a t i t e ,  p y r i t e  and /o r  m a g n e t i te ,  u r a n i n i t e ,  and w e l l  developed 
pegmat i te  t e x t u r e  accompany the g a rne t  which forms up to 25%. No 
sys te m a t ic  v a r i a t i o n  in  the major m in e ra ls  occurs w i th  these zones. Pods 
o f  pure q u a r tz  occupy the c e n t ra l  p o r t i o n  o f  a few d ik e s ,  p o s s ib ly  
re p re s e n t in g  a l a t e  stage zone analogous to  the  c la s s i c  qua r tz  core in  
w e l1 -developed zoning p a t te rn s .
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The pegmat i tes  a ls o  c o n ta in  p o o r ly  developed c r y p t i c  zoning, 
based on changes in  p la g io c la s e  con ten t  to  a more a l b i t e - r i c h  p la g io ­
c la s e ,  o r  changes in  the p la g io c la s e r o r t h o c la s e  r a t i o .  These zones have 
i r r e g u l a r  p a t te rn s  commonly t ru n ca te d  by l a t e r  d ike  phases. How they 
formed i s  u n c le a r ,  a l though they may rep re se n t  incomple te  d i f f e r e n t i a t i o n  
t re n d s .
C r y s t a l l i z a t i on pa th s .  The e v e r -p re s e n t  c a t a c la s t i c  te x tu re s  
(d iscussed l a t e r )  conceal many p r im ary  r e l a t i o n s h ip s  between m in e ra ls ,  
making c r y s t a l l i z a t i o n  paths d i f f i c u l t  to  de term ine.  The i n t e r s t i t i a l  
h a b i t  and p a u c i ty  o f  coarse p o rp h y ro b la s ts  o f  qu a r tz  in d ic a te s  i t  
c r y s t a l l i z e d  l a t e .  The coarse h a b i ts  o f  o r th o c la s e  and p la g io c la s e  imply  
they began to  c r y s t a l l i z e  e a r l y .  The p o i k i l i t i c  margins o f  both fe ld sp a rs  
t h a t  e n g u l f  e a r l i e r  g ra in s  show they a ls o  grew l a t e .  The sharp l i n e  
between the  core  and o u te r  zone o f  p la g io c la s e  po rphy rob las ts  and d i f f e r e n t  
o p t i c a l  p ro p e r t i e s  suggest t h i s  growth was e p is o d ic ,  not con t inuous .
P l o t t i n g  the g r a n i t e  compos i t ion  in  a An-Ab-Or-Qz te t rahed ron  
(F ig .  5 ) ,  i t  f a l l s  on, o r  very  c lo se  t o ,  a c o t e c t i c  su r fa ce .  On the 
s u r fa c e ,  o r th o c la s e  and p la g io c la s e  a re  in  e q u i l i b r i u m  w i th  a m e l t  and 
vapor .  With c o o l i n g ,  those two m in e ra ls  c r y s t a l l i z e ,  u n t i l  the  m el t  
com pos i t ion  reaches the  c o t e c t i c  l i n e  (P-E5).  Now qu a r tz  c r y s t a l l i z e s  
a long w i t h  o r th o c la s e  and p la g io c la s e .  As the  m e l t  moves toward P, the 
Ab c o n te n t  o f  the p la g io c la s e  in c rea ses .  Thus exper imenta l  p re d ic t i o n s  
match the  proposed c r y s t a l l i z a t i o n  path deduced from t e x tu r e s .  The 
o r th o c la s e  and e p is o d ic  p la g io c la s e  ove rg row ths ,  and m yrm ek i t ic  and
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o ro g ra p h ie  te x tu re s  a long t h e i r  margins may be caused by simultaneous 
c r y s t a l l i z a t i o n  o f  crushed q u a r tz  and fe ld s p a r  f o l l o w in g  c a ta c la s is  
(Spry ,  1969, p. 104).
Grani t i^_and_
The m inera l  com pos i t ion  o f  these t e x t u r a l  types o f  d ikes  very  c lo s e ly  
resembles the  pegmat i te  d ik e s .  They c o n ta in  35-40% o r th o c la s e ,  30-35% 
q u a r t z ,  and 20-35% o l ig o c la s e  7 -20^ '  d i f f e r i n g  from the pegmatites 
o n ly  in  a smal l decrease in  o r th o c la s e .  They d i f f e r  t e x t u r a l l y  in  t h e i r  
f i n e r  g r a in  s iz e  and a la ck  o f  coarse p o rp h y ro b la s ts .  These f i n e r  gra ined 
d ikes  a re  e q u ig ra n u la r  except where a l t e r e d  by c a t a c la s i s .  The g ra in  
s iz e  o f  the  a p l i t e s  i s  0 .2  to  0.5mm in  d iam e te r ,  and t h a t  o f  g r a n i t i c  
d ikes  is  l-3mm in  d iam e te r .  The s l i g h t l y  p e r t h i t i c  o r th oc la se  w i th  
p o i k i l i t i c  edges resembles the o r th o c la s e  in  the  pegm at i tes .  Myrmekite 
and m ic ro g ra ph ie  te x tu re s  occur a long i t s  edges. P la g ioc la se  a lso  r e ­
sembles i t s  p e g m a t i t i c  c o u n te rp a r t  w i t h  un i fo rm  cores and normal zoning 
along i t s  marg ins. Quartz forms i n t e r s t i t i a l  g ra in s  and s t r in g e r s  along 
c a t a c l a s t i c  f o l i a t i o n .  I t  shows undulose e x t i n c t i o n  and sutured g ra in  
bo un d a r ie s .
G r a n i t i c  d ikes  c o n ta in  1-5% b i o t i t e  and t race s  o f  g a rn e t .  B i o t i t e  
occurs a long shear zones and in  s c h l ie re n  as 0 .2  to  0.4mm-long subhedral 
to  euhedral c r y s t a l s  commonly undeformed by the  c a t a c la s i s .  A p l i t e  d ikes  
tend to  c o n ta in  more ga rne t  than b i o t i t e ,  the  t o t a l  percentage o f  the 
two remain ing  the  same as in  the g r a n i t i c  d i k e s .  The garne t  forms 
unbroken, euhedral c r y s t a l s  w i t h i n  the  shear zones.
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Muscov i te  i s  more abundant in  the a p l i t i c  and g r a n i t i c  d ikes than 
in  the  pegm a t i tes ,  and has two p o p u la t io n s .  Anhedral to  subhedral 
c o a rse -g ra in e d  muscov i te  1 - 3mm long occurs in  l -2m m -th ick  la y e rs .  The 
c r y s t a l s  are deformed, w i th  bent and broken c leavage p lanes.  The second 
p o p u la t io n  o f  w e l l  o r ie n te d  undeformed, 0 .3 to  0.8mm long f la k e s  mimic 
b i o t i t e  in  the shear zones. A p a t i t e  and m agne t i te  a re  randomly d i s ­
t r i b u t e d  in  t r a c e  amounts, to g e th e r  t o t a l l i n g  less  than a pe rcen t  o f  the 
r o c k ,
C a ta c la s t i c  t e x tu re s  a re  p re v a le n t ,  but d i f f e r  from those in  the 
pegmat i tes  due to  o r i g i n a l  g ra in  s iz e  d i f f e r e n c e s .  Quartz g ra in s  have 
su tu red  g ra in  boundaries and undulose e x t i n c t i o n .  Feldspars d i s p la y  bent 
c leavage planes and o p t i c a l l y  d isco n t in u o u s  e x t i n c t i o n .  C a ta c la s is  has 
broken c r y s t a l s  i n to  p a r a l l e l  zones o f  f raments 0.1 to  0.5mm in  d iameter .  
F lase r  te x tu re s  are uncommon because o f  the lack  o f  po rphy rob las ts  in  
the o r i g i n a l  rock .  M y lo n i t i c  t e x tu re s  do occur l o c a l l y .
U n l ik e  the pegm at i tes ,  these two types o f  d ikes  presen t  n e i t h e r  zoning 
o f  any k ind nor c o n c e n t ra t io n s  o f  e i t h e r  g a rn e ts ,  a p a t i t e ,  o r  magne t i te .
The d ikes  have a un i fo rm  com pos i t ion  across t h e i r  w id th ,  w i t h  a random 
d i s t r i b u t i o n  o f  accessory m in e ra ls .
In summary, the  p e g m a t i t i c ,  a p l i t i c  and g r a n i t i c  d ikes a re  v i r t u a l l y  
i d e n t i c a l  i n  com pos i t ion  and major m ine ra logy .  B i o t i t e  i n  the  g r a n i t i c  
d i k e s ,  as opposed to  ga rn e t  in  the  o th e r  two, and the  lack  o f  muscovite 
i n  the pegmat i tes  comprise the  o n ly  re a l  m in é ra lo g ie  d i f f e r e n c e s .
T e x t u r a l l y ,  the  th re e  types o f  d ikes  d i f f e r  i n  g r a in  s iz e ,  and in  the
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way those g r a in  s izes  reac ted  to  c a t a c la s i s .  More im p o r ta n t l y ,  on ly  
in  the pegmat i tes do any zoning and t ra c e  m inera l  concen t ra t ions  occur.
St r a t i g raph ie  D i s t r i b u t io n  o f  the D i kes
As the youngest rock ty p e ,  the g r a n i t e  d ikes  c u t  across every meta­
morphic u n i t .  They a re  no t  even ly  d i s t r i b u t e d ,  but  show d e f i n i t e  con­
c e n t r a t io n s  in  d i f f e r e n t  rock  type s ,  being most abundant in  the b i o t i t e -  
p la g io c la s e  gne iss  and the a m p h ib o l i te .  W i th in  these two rock u n i t s ,  
two zones o f  heavy c o n c e n t ra t io n  occur ;  1 ) near the gneiss -  am ph ibo l i te  
c o n ta c t ,  and 2) j u s t  below the  a m p h ib o l i te  -  Eastern Q u a r tz i te  con tac t  Fig. 6 ) 
The geometr ic  form o f  the d ikes  a lso  v a r ie s  w i th  rock  type ,  c o n t r o l l e d  
p r i m a r i l y  by the d i f f e r i n g  re a c t io n s  o f  the  rock u n i t s  to  the shear ing 
event .
Dikes in  the b i o t i t e - p l a g i o c l a s e  gn e iss .  Exc lud ing the top 10 meters 
o f  t h i s  g n e is s ,  the d ikes  show a reasonably  even d i s t r i b u t i o n  o f  d ikes 
w i th  t h e i r  number decreas ing  s l i g h t l y  w i t h  depth .  They c o n s t i t u t e  
ap p ro x im a te ly  5% o f  the  volume o f  the gne iss ,  w i t h  lo c a l  concen tra t ions  
reach ing  15-20%. They g e n e r a l l y  form ta b u la r  d ikes  t h a t  e i t h e r  p a r a l l e l  
the f o l i a t i o n ,  o r  c u t  i t  a t  a h igh ang le .  Pod-shaped masses occur in  
the  lower p a r t  o f  t h i s  u n i t  where the  shear f o l i a t i o n  is  not as pronounced. 
Near the top  o f  the  u n i t  where shear ing i n t e n s i t y  was g re a te r ,  d ikes 
t h a t  p a r a l l e l  the  f o l i a t i o n  dominate. In  t h i s  o r i e n t a t i o n ,  they  may 
m a in ta in  a co n s ta n t  th ickn ess  f o r  g re a te r  than 100 meters.  The 
d i s t r i b u t i o n  o f  the d i f f e r e n t  forms s t r o n g ly  im p l ie s  a c o n t ro l  on em­
placement imposed by the shear f o l i a t i o n .
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Figure 6 . Generalized Diagramatic Cross Section
(not to scale)
Eastern Quartzite 













(the size o f  the x i n d i c a t e s  
rc* 1 a 1 i VC? g r a  i n r. i zc:- )
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The d ike s  average a meter in  th ic k n e s s ,  and g e n e ra l l y  have sharp 
boundar ies w i t h  the gn e iss .  G r a n i t i c  te x tu re d  m a te r ia l  2-lOcm t h i c k  
forms an o u te r  s h e l l  t h a t  grades q u ic k l y  i n t o  a coarse ,  more pe g m a t i t ic  
core .  Th is  o u te r  s h e l l  may be absen t ,  or  c o n ve rse ly ,  the  p e g m a t i t ic  core 
may be absent .  No m in é ra lo g ie  zoning is  p re sen t .
Where the ou te r  s h e l l  i s  p re sen t ,  co n ta c t  e f f e c t s  on the cou n t ry  rock 
are  m in im a l .  Where i t  i s  absent ,  2-4cm t h i c k  apophyses o f  p e g m a t i t ic  
o r t h o c la s e ,  q u a r t z ,  and minor p la g io c la s e  invade the gneiss p a r a l l e l  to  
i t s  f o l i a t i o n .  They may extend f o r  3-4 meters be fo re  th in n in g  to  a row 
o f  a lmost unconnected p o rp h y ro b la s ts  and p inch ing  o u t .  Th is  e x te n t  and 
lack  o f  a c h i l l  zone im p l ie s  a f l u i d  o f  low v i s c o s i t y  w i th  a smal l tem­
p e ra tu re  g ra d ie n t  between i t  and the  cou n t ry  rock .
The d ikes  show va r iou s  r e l a t i o n s h ip s  to  the shear f o l i a t i o n  in  the 
b i o t i t e - p l a g ioc lase g n e iss .  The shear ing  has a f fe c te d  some in te n s e ly ,  
and o th e rs  o n ly  a l i t t l e .  One ou tcrop  shows a s e r ie s  o f  th re e  p a r a l l e l  
pegmat i te  d ikes  separated by g r a n i t i c  m a t e r i a l ,  and l y i n g  a t  a h igh 
ang le  to  the  shear f o l i a t i o n .  A shear zone o f f s e t s  one d i k e ,  bends 
a n o th e r ,  and has no e f f e c t  on the  t h i r d  (F ig .  7 ) .  Th is  c o n c lu s iv e ly  
shows these d ikes  formed co n c u r re n t  w i t h  the  shear ing event.  A l l  d ikes 
show some evidence o f  c a t a c la s i s ,  so i n t r u s i o n  o f  the d ikes ended before  
the  shear ing  d id .  I t  a l s o  shows they formed over a pe r iod  o f  t im e ,  and 
d id  no t  i n t r u d e  the metamorphic rocks in  one b ig  magmatic pu lse .  G r a n i t i c  
and p e g m a t i t i c  v a r i e t i e s  a l t e r n a t e ,  p o s s ib le  due to  changing wate r  pressure 
r e l a t i v e  to  the  c o n f in in g  pressure .  P re v io u s ly  e s ta b l is h e d  f l u i d  pathways 
were used severa l  t im es .
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F igu re  7, Sketch of contiguous pegmatite dikes with 
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Three shear zones o f f s e t  another  pegmat i te  which i s  surrounded by 
g r a n i t i c  m a te r ia l  ( F ig .  8 ) .  D isplacement o f  the  pegmati te shows th a t  
the s t r a t i g r a p h i c a l l y  h ig h e r  p a r ts  moved eas t  r e l a t i v e  to  the  lower rock.
Dikes a t  t he g n e iss-amphi b o l i te  con ta c t .  In the upper 10 m o f  the 
b i o t i t e - p l a g i o c l a s e  g n e is s ,  the c o n c e n t ra t io n  o f  d ikes  p a r a l l e l  to  the 
f o l i a t i o n  increases t o  20-25% o f  the s e c t io n .  O ve r ly ing  t h i s ,  a t  the 
g n e is s -a m p h ib o l i te  c o n ta c t ,  a 10  m - th ic k  d ike  s e c t io n  commonly separates 
the two u n i t s .  G r a n i t i c  t e x tu r e  dominates, bu t  lenses o f  p e g m a t i t ic  
te x tu re s  less  than 10  cm t h i c k  and a meter long commonly occur.
U b iqu i tous  c a t a c l a s t i c  t e x tu re s  vary  from very  common f l a s e r  t e x tu r e  to  
2-5cm t h i c k  m y lo n i te  zones. Th is  g r a n i t i c  mass may c o n ta in  l -2m - long  
b locks  o f  a m p h ib o l i te .
D ikes in  t he amphibo l i t e .  Dikes i n  t h i s  u n i t  concen tra te  in  two 
areas:  i t s  bottom 30 meters ,  and top 10 meters .  In  most o f  the  amphi-
b o l i te  s e c t io n ,  the d ikes  amount t o  less  than 10% o f  the  rock .  In these 
areas o f  h igh c o n c e n t ra t io n ,  they c o n s t i t u t e  up to  40 and 50%. They 
e n g u l f  b locks  o f  the a m p h ib o l i te  which now show a ro ta te d  f o l i a t i o n  not 
c o n s is te n t  w i th  e i t h e r  re g io n a l  metamorphic or c a t a c la s t i c  t re n d s .  These 
b locks  c o n ta in  few shear ing  e f f e c t s  w h i le  the e n g u l f in g  m a te r ia l  shows 
p re v a le n t  shear t e x t u r e s .
The d ikes  undergo some very  d i s t i n c t  changes upon e n te r in g  the 
a m p h ib o l i t e .  The c h a r a c t e r i s t i c s  o f  t h e i r  shapes, te x tu re s  and co n ta c t  
e f f e c t s  va ry  a g re a t  d e a l .  In the  b i o t i t e - p l a g i o c l a s e  g n e is s ,  the d ikes 
form t a b u la r  bodies w i th  s t r a i g h t ,  sharp c o n ta c ts ,  and cons tan t  t h i c k ­
nesses.  They a l l  e i t h e r  p a r a l l e l  the  f o l i a t i o n  o r  c u t  i t  a t  a h igh angle.
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F ig u re  8
Displaced pegmatite dike showing relative 
movement on shear planes.
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Th is  g ives  the impress ion o f  r i g i d  c o n t ro ls  imposed by the coun try  rock .
In  the a m p h ib o l i t e ,  a g re a te r  v a r i e t y  o f  shapes and s izes  e x i s t .
Tabu la r  sheets s t i l l  dominate, bu t  they  p inch and s w e l l ,  change o r i e n ­
t a t i o n s ,  c u t  the  f o l i a t i o n  a t  a l l  ang les ,  t r a n s e c t  o the r  d ik e s ,  and 
branch o u t ,  fo rm ing  an anastomosing p a t te r n .  Pods and o th e r  i r r e g u l a r  
shapes separa te  b locks o f  a m p h ib o l i te .  The s t r i c t  c o n t r o l  o f  o r i e n ta t i o n  
and shape so p re v a le n t  in  the gneiss does not appear here.
Simple d ikes  cored by p e g m a t i t i c  te x tu re s  and bordered by g r a n i t i c  
t e x tu r e  are  s t i l l  the  most common type ,  c o n s t i t u t i n g  60% o f  the  d ike s .
They average 1 to 1.5 meters t h i c k ,  and t y p i c a l l y  form ta b u la r  d ikes 
w i t h  v a ry in g  th ic k n e s s .  They have con tac t  aureo les up t o  1.5cm t h i c k ,  
where b i o t i t e  rims hornblende and p la g io c la s e  has more sod ic  margins.
Dikes c o n ta in in g  o n ly  f i n e  g ra ined  m a te r ia l  comprise 20% o f  the  d ikes .
They tend to  be t h i n ,  less than .3 meters t h i c k ,  have sharp c o n ta c ts ,  and 
min imal c o n ta c t  e f f e c t s .
In twenty  pe rcen t  o f  the d i k e s ,  p e g m a t i t i c  te x tu re s  dominate, whereas 
g r a n i t i c  te x tu re s  are  l i m i t e d  to  d i k e l e t s  t h a t  c u t  the pegmat i te ,  o r  to  
zones w i t h i n  the pegmat i te  body. A f i n e  g ra ined  c h i l l  zone may be found 
a long the  basal c o n ta c t  b u t  g e n e r a l l y  i s  l a c k in g .  A b i o t i t e  envelope 2cm 
to  a meter t h i c k  occurs  a long the remain ing c o n ta c t .  Th is  t e x t u r a l  d ik e  
type forms the t a b u la r  bodies w i th  the  g re a te s t  v a r i a t i o n s  in  th ic k n e s s ,  
and most o f  the pod- o r  i r r e g u la r l y - s h a p e d  bod ies .
M in é ra lo g ie  zoning occurs o n ly  w i t h i n  these pegmatites in  the 
a m p h ib o l i t e .  The most n o t ic e a b le  g a rn e t -a p a t i t e - m a q n e t i t e - u r a n in i t e - z o n e s  
tend to  form near the  tops o f  d ik e s .  C en tra l  patches o f  quar tz  r a r e l y
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
o ccu r .  A p i i t i c  and g r a n i t i c  t e x tu re s  cross the  pegmatites randomly.
A w e l l  developed b i o t i t e  envelope accompanies any pegmat i te  w i th  zoning.
In most o f  these pe gm a t i tes ,  l a t e r  contemporaneous d ikes  o r  d ik e  phases 
t ru n c a te  the p o o r ly  developed zones, i n d i c a t i n g  a systen open to  the 
i n f l u x  o f  more magma. This  i n f l u x  o f  m a te r ia l  would d i s r u p t  most zoning 
and d i f f e r e n t i a t i o n  processes.
The pegmat i te  f l u i d s  reac ted  w i th  the  a m p h ib o l i te  to  form the b i o t i t e -  
r i c h  envelope surround ing many pegm at i tes .  Th is  zone va r ies  from being 
a modest c o n ta c t  zone l - 2 cm t h i c k ,  to  a w e l l -deve loped  sheath 1 meter 
t h i c k .  With w e l l -d eve lo pe d  envelopes,  b i o t i t e  occurs as s t r i n g e r s  and 
pods w i t h i n  the edges o f  the pegm at i te .  These b i o t i t e  concen t ra t ions  
form uno r ien ted  s w i r l s  t h a t  wind between coarse f e ld s p a r s .  These s w i r l s  
grade outward in to  massive b i o t i t e  w i th  both v e i n l e t s ,  and is o la te d  g ra ins  
o f  f e ld s p a r .  The b i o t i t e  shows a poor p re fe r re d  o r i e n t a t i o n  rough ly  
p a r a l l e l  to  the edges o f  the  d ik e s .  I t  i s  c o a rs e -g ra in e d , up to  1 cm in  
d ia m e te r ,  and g e n e ra l l y  p o i k i l i t i c  w i t h  m ag n e t i te ,  a p a t i t e ,  and sphene 
in c lu s io n s .  I t  may bend around fe ld s p a r  g r a in s ,  showing the e f f e c t  o f  a 
d i r e c te d  s t re s s  a f t e r  i t  grew.
Two k inds  o f  p la g io c la s e  and o r th o c la s e  occur w i t h i n  the envelope. 
Normal ly  zoned p la g io c la s e  has a core o f  An^g remnant from the  am- 
p h o l i t e ,  and a r im  o f  o th e r  p la g io c la s e  g ra ins  have a com­
p o s i t i o n  o f  An-|5 , w i t h  no core and l i t t l e  zon ing .  They grew d i r e c t l y  
f rom the  pegm at i te  f l u i d s ,  as d id  the  o r th o c la s e .  A l l  th re e  fe ld s p a rs  
a re  coarse g ra in e d ,  up to  3cm in  d iam e te r ,  and subhedraT. They have
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grown c o n c u r re n t ly  w i t h  the b i o t i t e .  I s o la te d  fe ld s p a rs  are surrounded 
by b i o t i t e ,  and have no d i r e c t  connect ion  w i t h  the d ik e .
Garnet commonly concen tra tes  w i t h  the  b i o t i t e  in  t h i s  envelope. 
M ag n e t i te ,  p y r i t e ,  and a p a t i t e  may accompany i t .  Only minor qua r tz  i s  
p re s e n t .
F a r th e r  from the d i k e ,  the t o t a l  replacement o f  hornblende by b i o t i t e  
becomes o n ly  b i o t i t e  rimming the hornblende. With g re a te r  d is tance  o f  
a meter o r  more, t h i s  p a r t i a l  rep lacement occurs o n ly  along a few f o l i a t i o n  
planes in  the a m p h ib o l i te .
Dike s  in  t he Eas te rn  qua r t z i t e . Few d ikes  cu t  the  Eastern q u a r t z i t e .  
Cons ider ing  the c o n c e n t ra t io n  o f  d ikes  j u s t  below t h i s  u n i t ,  i t  seems 
t h a t  the  q u a r t z i t e  acted l i k e  a cap, se a l in g  the pegmatites below.
Those d ikes  t h a t  do across the  q u a r t z i t e  a re  p e g m a t i t i c ,  and g e n e ra l ly  
r a d io a c t i v e l y  anomalous (2 -5  x background).  They form t h i n ,  ta b u la r  
la y e rs  less  than 1 m e t e r - t h i c k ,  nowhere pods, and g e n e ra l l y  i n t e r s e c t  
the  f o l i a t i o n  a t  a small ang le .  Exposure nowhere showed the dikes 
enclosed in  any th ing  but the e s s e n t i a l l y  i n e r t  q u a r t z i t e ,  and no con tac t  
e f f e c t s  were observed.
Dikes i n the q u a r t z i t e .  Poor exposure l i m i t s  a d e ta i le d  d e s c r ip t i o n  
o f  d ikes  in  t h i s  u n i t .  Dikes o f  g r a n i t i c  t e x t u r e ,  and pe g m a t i t ic  cores 
bordered by g r a n i t i c  t e x t u r e  appear. They form ta b u la r  bodies 4cm to  
1 m t h i c k ,  both concordant and d is c o rd a n t  to  the  la y e r in g .  M inera l  and 
chemical com pos i t ion  do no t  d i f f e r  from p re v io u s ly  descr ibed d ik e s .
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C a ta c la s t i c  Tex tures  in  P e gm a t i t ic  Rocks
Broken, crushed or sheared zones appear in  every t h i n  s e c t io n  to  
some degree. The i n t e n s i t y  o f  de fo rm at ion  v a r ie s  from mere s u tu r in g  o f  
g r a in  boundar ies ,  through f l a s e r  te x tu re s  to  m y lo n i te .  In  the m i l d l y  
deformed v a r i e t i e s ,  c a t a c la s i s  caused undulose e x t i n c t i o n  and sutured 
g ra in  boundar ies in  q u a r tz .  As the i n t e n s i t y  in c rea ses ,  t h in  p a r a l l e l  
zones o f  broken c r y s t a l s  l - 2mm t h i c k  separa te  l - 2 cm o f  unbroken c r y s t a l s .  
With s t i l l  g re a te r  i n t e n s i t y ,  these la ye rs  o f  broken c r y s t a l s  th ic k e n ,  
and coarse f e ld s p a r  po rph y ro b la s ts  become separated by t h e i r  crushed 
margins. F la se r  te x tu re s  develop where the  crushed m a te r ia l  has so i n ­
creased t h a t  the  p o rp h y ro b la s ts  swim in  a sea o f  f i n e l y  broken g ra in s .
They become s l i g h t l y  rounded, w i t h  bent cleavage and tw in  p lanes ,  and 
undulose e x t i n c t i o n .  Quartz forms s t r i n g e r s  i n  the shear zones. Zones 
o f  m y lo n i te  2 - 2 0  cm t h i c k  are  in te rs p e rs e d  w i t h  f l a s e r  te x tu re s  where 
shear ing  was most in te n s e .  C ry s ta ls  broken down to  0.05mm in  d iameter  and 
s t reaked ou t  qu a r tz  comprise these zones.
B i o t i t e  and muscov ite  developed a long some shear p lanes.  They occur 
as 0.1 t o  0.3mm-long, subhedral to  euhedral f l a k e s ,  w i t h  a b so lu te ly  
s t r a i g h t  cleavage p lanes and no s p l i n t e r i n g  o f  t h e i r  ends. They e v id e n t ly  
grew a f t e r  the  shea r ing .
The i n t e n s i t y  o f  shear ing v a r ie s  in  a r e g u la r  fash ion  depending on 
the s t r a t i g r a p h i e  lo c a t io n  and o r i e n t a t i o n  o f  the  d i k e .  G ran i te  d ikes 
s e p a ra t in g  the  b i o t i t e - p l a g i o c l a s e  gne iss  from a m p h ib o l i te  d i s p la y  the 
most in te n s e  she a r in g .  Somewhat less  in te n s e  de fo rm at ion  appears in  
d ikes  p a r a l l e l i n g  the f o l i a t i o n  in  the top 30 meters o f  the b i o t i t e -  
p la g io c la s e  g n e iss .  Dikes in  the a m p h ib o l i te  t h a t  p a r a l l e l  the  f o l i a t i o n
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and separa te  unsheared b locks  o f  co u n t ry  rock  d i s p la y  s l i g h t l y  less 
in te n s e  d e fo rm a t io n .  V e r t i c a l  d ikes  in  these same u n i t s  show de format ion 
c h a r a c t e r i s t i c s  o f  lower i n t e n s i t y  than t h e i r  h o r iz o n ta l  coun te rpa r ts  
except where the v e r t i c a l  d ikes  cross an in te n se  shear zone. Shearing 
developed te x tu re s  t h a t  form a c o n s is te n t  h o r i z o n t a l ,  p lana r  f o l i a t i o n  
th roughou t  the area.
C o n t ro ls  on Dike D i s t r i b u t i o n  and Textures
The s iz e s ,  shapes, and te x tu re s  o f  the  g r a n i t e  d ikes vary  w i th  the 
e n c lo s in g  cou n t ry  ro c k .  The ph ys ica l  response o f  d i f f e r e n t  metamorphic 
rocks to  shearing exe r ted  g re a t  c o n t ro l  over the  pegmatite emplacement.
The s t r u c t u r a l  a n a ly s is  o f  Donne l ly  (1978) shows the  b i o t i t e -  
p la g io c la s e  gne iss  deforming d u c t i l e l y  du r in g  D-1. As D-1 wanes, the 
gne iss  s t a r t s  a c t in g  as a s in g le  7-25 m e te r - t h ic k  component la y e r  and 
c a t a c l a s t i c  te x tu re s  f i r s t  develop.  The d ikes  in t ru d e  the  s e c t io n  along 
the s t r u c t u r a l l y  weakened shear zones between competent laye rs  o f  t h is  
u n i t  and were subsequent ly  deformed. The i n t e r n a l  competency o f  the gneiss 
helps e x p la in  both the  con s tan t  th ic kn e ss  o f  the  d ikes  over long s t r i k e  
leng ths  and the la ck  o f  p e n e t ra t io n  i n t o  the  gn e iss .  Apophyses i n t o  the 
gne iss  g e n e ra l l y  come from v e r t i c a l  d ikes  and then the apophyses f o l l o w  
shear ing  s i m i l a r  to  t h a t  i n  the  h o r iz o n ta l  d i k e s .  The p a r a l l e l  o r i e n ­
t a t i o n  o f  con t iguous v e r t i c a l  d ikes  would r e s u l t  f rom competent b locks 
o f  gne iss  re p e a te d ly  moving du r in g  the  shear ing  and reopening p re -  
e s ta b l i s h e d  magma pathways.
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The a m p h ib o l i te  con ta in s  F-1 to  F-4 s t r u c tu re s  in  c o n t ra s t  t o  the 
gne iss  which has o n ly  F-1 f o ld s  (D o n n e l ly ,  1978). Some blocks o f  
a m p h ib o l i te  a ls o  have a p r im ary  metamorphic f o l i a t i o n  ro ta te d  r e l a t i v e  
to  the f o l i a t i o n  o f  the gne iss .  Both fe a tu re s  n e ce ss i ta te  r e l a t i v e  
movement between the two u n i t s ,  and th e re fo re  a t  l e a s t  a minor detachment 
zone. T h is  forms another  s t r u c t u r a l l y  weakened area fa v o ra b le  f o r  d ike  
emplacement, as evidenced by the 10  meter t h i c k  g r a n i t i c  se c t io n  the re .  
D i f f e r e n t i a l  movement between the two u n i t s  a lso  created a zone o f  i n ­
creased f r a c t u r i n g  near the  c o n ta c t  fa v o ra b ly  p repar ing  the rock f o r  the 
c o n c e n t ra t io n  o f  d ikes  in  the  gne iss  j u s t  below the  c o n ta c t ,  and in  the 
a m p h ib o l i te  j u s t  above i t .
A m p h ib o l i te  reac ted  to  the a p p l ie d  shear s t re s s  d i f f e r e n t l y  than the 
gneiss by break ing  i n t o  a number o f  i r r e g u l a r  b locks w i t h  f o l i a t i o n  
e x e r t in g  o n ly  minor c o n t ro l  on the f r a c t u r i n g .  Cont inu ing  movement opened 
i r r e g u l a r  f r a c tu r e s  now f i l l e d  by t a b u la r  d ikes  w i t h  va ry ing  th icknesses 
and i r r e g u l a r  pods between b locks .  These d i k e s ,  e s p e c ia l l y  the pod­
shaped ones, c o n ta in  the best  pegmat i te  t e x tu r e s ,  t h i c k e s t  b i o t i t e  envelope, 
and the  o n ly  zoning in  the s tudy a rea.  The more b r i t t l e  behav io r ,  
i r r e g u l a r  f r a c t u r i n g ,  and c o n t in u in g  r e l a t i v e  movement w i t h i n  the  am­
p h i b o l i t e  a t t r a c t e d  the more v o l a t i l e  r i c h  magmas. The pegmati te pods 
show less  shear e f f e c t s ,  and were p robab ly  p a r t l y  p ro tec ted  from i t ,  or 
a t  l e a s t  were no t  fo rm ing  shear p lanes .  Th is  r e l a t i v e  la ck  o f  d is tu rbance  
a l lowed the  minor zoning to  develop.
The c o n c e n t ra t io n  o f  d ikes  a t  the  top o f  the  a m p h ib o l i te  resembles 
the  c o n c e n t ra t io n  a t  i t s  base suggest ing  s i m i l a r  reasons f o r ,  and c o n t r o ls .
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on i t s  emplacement- However, few d ikes  cross the con tac t  i n t o  the 
q u a r t z i t e .  In  t h i n  s e c t io n ,  qu a r tz  g ra in s  in  the q u a r t z i t e  are smeared 
o u t ,  w i t h  e longa te  h a b i ts  and sutured g ra in  boundar ies.  G ranu la t ion  and 
f r a c t u r i n g  are not  abundant, because anneal l i n g  healed many o f  the c a ta ­
c l a s t i c  t e x tu r e s .  Th is  has a p p a re n t ly  sealed o f f  the q u a r t z i t e  as an 
escape ro u te  f o r  the d ike  magma, keeping i t  below in  the a m p h ibo l i te .
Timing o f  Dike Emplacement
F ie ld  r e l a t i o n s h ip s  in  the b i o t i t e - p l a g i o c l a s e  gneiss demonstrate 
t h a t  the d ikes  in t ru d e d  the  metamorphic rocks du r ing  the shear ing event.  
Th is  c a ta c la s i s  occurs as the l a s t  s tage o f  D-1 de format ion  and j u s t  p o s t ­
dates the metamorphic peak (D onne l ly ,  1978). As t h i s  stage o f  de­
fo rm a t io n  c o r r e la te s  w i th  gneiss dome emplacement, a drop in  pressure 
should accompany i t s  l a t e r  s tages.
Consi d e ra t io n  o f  Sever a l  Dike SysjWm^
Dikes in  the eas te rn  q u a r t z i t e  and the a m p h ib o l i te  d is p la y  good 
c r o s s - c u t t i n g  r e l a t i o n s h ip s  w i th  the enc los ing  cou n t ry  ro ck ,  c h i l l  zones 
a t  c o n ta c t s ,  and c o n ta c t  metamorphism and metasomatism. These in d ic a te  
t h a t  the d ikes  in t ru d e d  the  two metamorphic u n i t s .  I d e n t i c a l  m inera logy 
and com pos i t ion ,  uranium occurrences ,  and ph ys ica l  c o n t i n u i t y  between 
some d ikes  in  the d i f f e r e n t  u n i t s  shows they a l l  belong to  the same system. 
The same r e l a t i o n s h ip s  ho ld  f o r  the d ikes  a t  the  a m p h i b o l i t e - b i o t i t e -  
p la g io c la s e  gne iss  c o n ta c t ,  and f o r  many d ikes  in  the g r a n i t i c  gne iss .
Thus a g r a n i t e  system e x i s t s  t h a t  formed d ikes  w i th  te x tu re s  rang ing from 
a p l i t i c  t o  p e g m a t i t i c .
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I n t e r p r e t a t i o n  o f  the gneiss as a f o l i a t e d  in t r u s io n  ra ise s  the 
p o s s i b i l i t y  t h a t  some o f  the d ikes are magmatic d i f f e r e n t i a t e s  o f  t h a t  
i n t r u s i o n .  I f  s t r a t i g r a p h i e  r e l a t i o n s h ip s  are in te rp re te d  c o r r e c t l y  
as showing an e ro s io n a l  uncon fo rm ity  between the gneiss and the q u a r t z i t e ,  
then d ikes  in  the q u a r t z i t e ,  and consequent ly  the d ikes in  the am ph ibo l i te  
are r e la t e d  d ikes  in  the g r a n i t i c  gneiss cannot have the gneiss as a 
magmatic source .  As these d ikes formed in  the Eocene, they cou ld  not 
come from a Precambrian i n t r u s i o n .  T he re fo re ,  on ly  some o f  the d ikes 
in  the gne iss  cou ld  have d i f f e r e n t i a t e d  from i t .  These d i f f e r e n t i a t e s  
would p robab ly  have the same gross m inera logy  and te x tu re s  as the Eocene 
d ik e s .  They cou ld  a lso  have a compos i t ion  very s i m i l a r  to  the l a t e r  
d ik e s ,  making the two sets o f  d ikes  in d i s t i n g u is h a b le .
Dikes t h a t  c u t  across the f o l i a t i o n ,  such as the th ree  dikes w i th  
va ry in g  r e l a t i o n s h ip s  to  the shear ing  (F ig .  7 ) ,  ob v io u s ly  formed from a 
l a t e r  source.  The same reasoning a p p l ie s  to d ikes  w i th  an o r i e n ta t i o n  
c o n t r o l l e d  by the shear f o l i a t i o n .  Shearing may have s trung out e a r l i e r  
d ikes a long p lanes ,  causing t h i s  type o f  o r i e n t a t i o n .  Th is  process would 
produce extreme c a t a c l a s t i c  te x tu re s  in  these d ik e s .  As these te x tu re s  
are commonly l a c k in g ,  t h i s  process can no t  g e n e ra l l y  app ly .
A l l  d ikes  in  the  eas te rn  q u a r t z i t e  and the a m p h ib o l i te ,  and most 
d ikes  in  the g n e is s ,  e s p e c ia l l y  those near the upper con tac t  o f  the 
gneiss where the s t rong  c o n t ro l  on o r i e n t a t i o n  e x i s t s ,  comprise the 
l a t e r  d ik e  s e ts ,  and c r y s t a l l i z e d  from a g r a n i t i c  system rough ly  con­
temporaneous w i t h  the fo rm a t io n  o f  the K e t t l e  Dome. A second e a r l i e r
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d ik e  se t  may e x i s t  t h a t  d i f f e r e n t i a t e d  from the gneiss and is  compo­
s i t i o n a l  1y s i m i l a r  to  the f i r s t  s e t .  As the l a t e r  d ike  set  c o n s t i t u te s  
the m a j o r i t y ,  and con ta ins  a l l  uranium o ccu r ren ces , a l l  f o l l o w in g  d i s ­
cuss ions are r e s t r i c t e d  to  i t .
Types o f  Magma Present
C o n tac ts ,  c o n ta c t  e f f e c t s ,  and in te r n a l  te x tu re s  o f  the d ikes 
r e q u i r e  th re e  types o f  magmas. Dikes w i th  sharp co n ta c ts ,  p h a n e r i t i c  
t e x tu r e  th ro ug hou t ,  and l i t t l e  c o n ta c t  e f f e c t  on the coun try  rock 
c r y s t a l l i z e d  from a v iscous magma undersa tura ted  w i th  water (Jahns and 
Burnham, 1969). Dikes w i th  p h a n e r i t i c  margins t h a t  show a sharp increase 
in  g ra in  s iz e  to  a p e g m a t i t i c  core began c r y s t a l l i z a t i o n  from a s im i l a r  
magma. T h e i r  sharp c o n ta c ts ,  and l i t t l e  to no con tac t  metamorphic and 
metasomatic e f f e c t s  i n d i c a te  a magma o f  high v i s c o s i t y  and low v o l a t i l e  
co n te n t .  C r y s t a l l i z a t i o n  o f  the  anhydrous m inera l  assemblage concen­
t r a t e s  the v o l a t i l e s  i n t o  the remain ing m e l t .  When the  v o l a t i l e  content  
reaches the s a tu r a t io n  p o in t ,  an aqueous phase a r is e s  in  e q u i l i b r iu m  
w i th  the magma. I t s  p r i n c i p l e  e f f e c t  i s  to  promote the growth o f  la rge  
c r y s t a l s  and re a c t io n s  between c r y s t a l l i n e  and f l u i d  phases, r a th e r  than 
to  in t ro d u c e  major changes in  the sequence o f  m in e ra ls  fo rm at ion  w i t h i n  
the system (Jahns and Burnham, 1969, p. 858).  Thus pe g m a t i t ic  te x tu re s  
form in  the  co re ,  and the o rd e r  o f  m inera l  c r y s t a l l i z a t i o n  and composi t ion 
remain c o n s ta n t .  Potassium p r e f e r e n t i a l l y  p a r t i t i o n s  in to  the aqueous 
phase over sodium and c a lc iu m ,  e x p la in in g  why pegmat i te systems con ta in  
s l i g h t l y  more o r th o c la s e ,  and more abundant o r th o c la s e  overgrowths than 
g r a n i t i c  d i k e s .
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Pegmati te d ikes  w i th o u t  the p h a n e r i t i c  marg in ,  loca ted  main ly  in  
the a m p h ib o l i t e ,  formed from magmas a l rea dy  sa tu ra te d  w i th  wate r .  They 
p o s s ib ly  b led o f f  from p a r t i a l l y  c r y s t a l l i z e d  magmas where the s a tu ra t io n  
p o in t  had been reached. As an aqueous phase a l rea dy  e x is te d ,  they show 
markedly d i f f e r e n t  c o n ta c t  e f f e c t s  w i th  coun t ry  rock .  The lower o v e ra l l  
v i s c o s i t y  r e s u l t s  in  more apophyses i n t o  both the am p h ib o l i te  and the 
b i o t i t e - p l a g i o c l a s e  g r a n i t e .  The aqueous phase in te ra c te d  w i th  the 
a m p h ib o l i t e ,  produc ing the b i o t i t e  envelopes w i th  o r th o c la se  m etacrys ts .
The g r a n i te  d ikes  o r i g in a t e d  from an undersa tura ted  g ra n i te  magma. 
C r y s t a l l i z a t i o n  processes and p o s s ib le  d i f f e r e n t i a l  removal o f  me l ts  from 
p a r t i a l l y  c r y s t a l l i z e d  d ikes  crea ted sa tu ra te d  systems. This  magma- 
aqueous phase system then produced pegmat i te d i k e s ,  and metasomatic 
c o n ta c t  e f f e c t s .  The r e l a t i v e  p ro p o r t io n s  o f  pegmat i te  d ikes to  the t o t a l  
number o f  d ikes  in d ic a te s  to  what percentage the  o r i g i n a l  system was 
sa tu ra te d  w i t h  water  a t  c r y s t a l l i z a t i o n  p ressures .  V isua l  est imates place 
the percentage a t  70%.
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CHAPTER IV 
URANIUM
D e s c r ip t i o n  o f  Occurrences
In the Nancy Creek a rea,  anomalous c o n ce n t ra t io n s  o f  uranium 
(anomalous means g re a te r  than th re e  times background on a hand-held 
s c i n t i l l o m e t e r )  appear o n ly  i n  pegmat i te  d ikes  and t h e i r  metasomatic 
ha los .  A l l  metamorphic u n i t s ,  and the f i n e r  gra ined d ikes d is p la y  back­
ground r a d ia t i o n  o n ly .  Analyses o f  r e p re s e n ta t iv e  rock samples show 
the metamorphics c o n ta in  less  than 2 ppm uranium and the barren dikes 
co n ta in  5-10 ppm uranium. For a re fe re nce  p o i n t ,  an average g ra n i te  
con ta in s  3-5 ppm uranium. The g re a t  m a jo r i t y  o f  pegmatites are  a lso  
barren e m i t t i n g  gamma r a d ia t i o n  o f  25-50% h igh e r  than the  f i n e r  gra ined 
d ik e s .  Ten percen t  do show anomalous r a d i o a c t i v i t y  corresponding to  
10-50 ppm uranium, and less  than two percen t  c o n ta in  any concen tra t ions  
in  excess o f  100 ppm. The a m p h ib o l i te  encloses a l l  o f  these d ikes except 
one which l i e s  in  the  b i o t i t e - p l a g i o c l a s e  gneiss 5 meters below the gneiss- 
a m p h ib o l i te  co n ta c t .
The u ra n i fe ro u s  pegmati tes have m in e ra lo g ic a l  zoning, w e l l  developed 
pegmat i te  t e x tu r e s ,  b i o t i t e  enve lopes,  and no p h a n e r i t i c  margins (F ig .  4 ) .  
Uranium i s  no t  u n i fo rm ly  d i s t r i b u t e d  in  these pegmat i tes ,  bu t  occurs 
in  d i s c r e t e  zones g e n e ra l l y  near the  tops o f  the d ik e s .  These zones range 
from 5 to  2 0  cm t h i c k ,  and one to  f i v e  o f  them may appear in  a d ike .
52
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They c o n s t i t u t e  up to  20% o f  the d i k e ,  averag ing approx imate ly  5%.
The remainder o f  a pegmat i te  w i th  these zones a lso  shows anomaous 
read ings on a s c i n t i l l o m e t e r .  Analyses o f  grab samples show these zones 
c o n ta in  up to  2650 ppm uranium (0.26%), though values above 1000 ppm 
are r a r e .  They have l i t t l e  tho r iu m ,  producing high U;Th r a t i o s  o f  up 
to  50 :1 .  The u ra n i fe ro u s  zones i n v a r i a b l y  have high garnet  percentages 
(5-25%), and uncommonly la rg e  amounts o f  the accessory m inera ls  a p a t i t e ,  
m agne t i te  and p y r i t e .  The r e l a t i v e  percentages o f  the major m inera ls  
vary  l i t t l e  from the r e s t  o f  the d ike  and from o th e r  non-u ran i fe rous  d ikes ,  
except f o r  a tendency to  c o n ta in  s l i g h t l y  more o r th o c la s e .
The uranium occurs as d i s c r e t e  g ra in s  o f  beta-uranophane, a 
hydrated ca lc ium  uranium s i l i c a t e ,  Ca(U0 2 ) 2 S i 2 0 y • 6 H2 O, i d e n t i f i e d  by 
i t s  X -ray  powder-camera d i f f r a c t i o n  p a t te r n .  Pé trograph ie  observa t ion  
shows t h a t  the m inera l  forms in te rg ro w n  re c ta n g u la r  c r y s t a l s  t h a t  rep lace 
cub ic  c r y s t a l s  (F ig .  9 1. With incomplete  rep lacement,  remnants o f  a 
b lack  opaque m inera l  have a s te e l  gray r e f l e c t i o n ,  and no hemat i te rim 
as a l l  m agne t i te  p resen t  shows. Beta-uranophane t y p i c a l l y  occurs as an 
a l t e r a t i o n  m inera l  o f  u r a n i n i t e  (F ro n d e l ,  1958), as suggested here by the 
cub ic  c r y s t a l  o u t l i n e ,  r e f l e c t a n c e ,  and lack  o f  hemati te  a l t e r a t i o n .  The 
rep laced u r a n i n i t e  occurs i n t e r s t i t i a l l y  to  fe ld s p a rs  and q u a r t z ,  and in  
some cases as in c lu s io n s  in  g a rn e t .  Au to rad iographs show uranium a lso 
o c c u r r in g  a long some f r a c t u r e s  in  fe ld s p a rs  and d isseminated in  o r th o c la se .
High uranium c o n c e n t ra t io n s  o f  500 -  2550 ppm w i th  U:Th r a t i o s  o f  
30-40:1 occur i n  the  b i o t i t e  envelopes. Every u ra n i fe ro u s  pegmati te
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has a w e l l -d e v e lo p e d  b i o t i t e  enve lope, and co n ve rse ly ,  every w e l l -  
developed envelope occurs w i th  a u ra n i fe ro u s  pegm at i te .  The exact 
m inera logy  o f  the uranium i s  not  known. B i o t i t e  g ra ins  inc lude  f i n e ­
g ra ined  b lack  opaque m ine ra ls  w i th  a s tee l  gray r e f le c ta n c e  t h a t  cou ld be 
u r a n i n i t e .  Au to rad iog raphs  show a t  le a s t  some are r a d io a c t i v e .  Attempts 
to  p o s i t i v e l y  i d e n t i f y  them d id  not  succeed. A secondary y e l lo w  m in e ra l ,  
presumably beta-uranophane, occurs as a t h i n  coa t ing  along b i o t i t e  
c le a va g e s .
Secondary a l t e r a t i o n  a f f e c t s  the u ra n i fe ro u s  d ik e s .  Beta-uranophane 
rep laces  u r a n i n i t e ,  c h l o r i t e  pseudomorph ica l ly  rep laces b i o t i t e ,  hematite 
r ims m a g n e t i te ,  and fe ld s p a rs  show minor s e r i c i t i z a t i o n . As t h i s  a l ­
t e r a t i o n  i s  r e s t r i c t e d  to  the pegmat i te  d ikes  and is  g e n e ra l ly  lack ing  in 
o th e r  ro c k s ,  I i n f e r  t h a t  trapped aqueous s o lu t io n s  from the pegmatites 
caused i t .
C o n t ro ls  on Uranium D i s t r i b u t i o n
The la ck  o f  uranium in  g r a n i t i c  te x tu re d  d ik e s ,  low con cen t ra t ion  
in  the pegmat i tes w i th  g r a n i t i c  marg ins,  and h igh co n cen t ra t ion  in  dikes 
w i t h  good pegmat i te  t e x t u r e s ,  w e l l  developed b i o t i t e  envelopes, and no 
p h a n e r i t i c  margins demonstrates a d i r e c t  r e l a t i o n s h ip  between uranium 
con ten t  and i n t e n s i t y  o f  fe a tu re s  a t t r i b u t a b l e  to  an aqueous phase. The 
aqueous phase o f  a pegm at i te  system serves as a powerfu l  so lve n t  t h a t  
e x t r a c ts  p o r t io n s  o f  va r iou s  c o n s t i t u e n t s  from the  viscous m e l t  and 
serves as an avenue f o r  ready movement from one p a r t  o f  the system to 
a n o th e r .  P a r t i t i o n i n g  o f  these c o n s t i t u e n ts  i n t o  the  aqueous phase
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occurs immedia te ly  upon the appearance o f  t h i s  phase, and increases 
as the amount o f  aqueous phase increases (Jahns and Burnham, 1969).
Uranium and tho r ium  behave e s s e n t i a l l y  i d e n t i c a l l y  in  a reduced s ta te ,  
due to  t h e i r  s i m i l a r  charges and i o n i c  r a d i i .  Magmatic processes do 
not  separa te  them from each o t h e r ,  and they are very  in s o lu b le  in  non­
o x id i z i n g  aqueous f l u i d s .  Given o x id i z in g  c o n d i t io n s  and a means o f  
t r a n s p o r t ,  these elements do sepa ra te .  goes to a s ta te  chem ica l ly
u n a v a i la b le  to  th o r iu m ,  becomes s o lu b le ,  and d is s o lv e s  in  the aqueous 
phase, le a v in g  the  tho r ium  behind ( W h i t e f i e ld  and o th e rs ,  1959). Sub­
sequent c r y s t a l l i z a t i o n  and /o r  p r e c i p i t a t i o n  produces uranium concentra­
t io n s  w i th  h igh U:Th r a t i o s .  C o r r e la t i o n  o f  uranium w i th  an aqueous 
phase, and the  h igh U:Th r a t i o s  suggest such a scener io  occurred in  the 
Nancy Creek area.
Once the  d ikes  began to  c r y s t a l l i z e ,  the  uranium concentrated in to  
zones along w i th  o th e r  accessory m in e ra ls .  U r a n in i t e  in c lu s io n s  in  
ga rne t  i n d i c a t e  t h a t  the u r a n i n i t e  c r y s t a l l i z e d  e a r l y .  I t s  asso c ia t io n  
w i th  o th e r  e a r l y  c r y s t a l l i z i n g  m in e ra ls  such as a p a t i t e  in  upper zones o f  
the pegmat i tes  suggest t h a t  phys ica l  movement o f  the v o l a t i l e  phase con­
c e n t ra te d  the u r a n i n i t e .  Given s u f f i c i e n t  t im e ,  aqueous f l u i d s  can 
m ig ra te  upward through the denser magma, and become concentrated in  the 
s t r u c t u r a l l y  h igh e r  p a r ts  o f  the pegmat i te  (Jahns and Burnham, 1969).
The presence o f  zoning and w e l l  developed pegmat i te  te x tu re s  no t  present 
in  most pegmat i tes  suggest t h a t  the  u ra n i fe ro u s  pegmatites had s u f f i c i e n t  
t im e to  form u n d is tu rb e d .
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Uranium occurrences d is p la y  a s t rong  l i t h o l o g i e  a f f i n i t y  f o r  the 
a m p h ib o l i t e .  Th is  d i s t r i b u t i o n  mimics the d i s t r i b u t i o n  o f  pegmatite 
d ikes  w i t h  w e l l -d e ve lo p e d  t e x tu r e s ,  and thus the d i s t r i b u t i o n  o f  the 
b e t t e r  developed aqueous phases. As these phases c a r r ie d  the  uranium, 
t h e i r  a f f i n i t y  f o r  the p h ys ica l  env ironment produced in  the am ph ibo l i te  
(d iscussed e a r l i e r )  caused the  s t r a t i g r a p h ie  con ce n t ra t io n  o f  uranium. 
Chemical re a c t io n s  such as hornblende to  b i o t i t e ,  helped t ra p  the uranium, 
bu t  were no t  the p r im ary  cause o f  c o n c e n t ra t io n .
The aqueous phase concen tra ted  uranium in  q u a n t i t i e s  up to  2600 ppm 
in to  5% o f  the volume o f  i n d i v i d u a l  pegm at i tes .  This occurred in  a p p ro x i ­
m ate ly  2% o f  the t o t a l  d ik e s .  I f  the amount o f  uranium concentrated in  
these zones i s  even ly  r e d i s t r i b u t e d  over the e n t i r e  d ike  system, i t  
adds less  than 3 ppm to  the  uranium c o n te n t  o f  the  average d ik e .  Add 
th a t  3 ppm to  the 5-10 ppm in  the f in e - g r a in e d  d ik e s ,  and to  the 10-15 ppm 
in  most o f  the pe gm a t i tes ,  and the d ike  system con ta ins  3-6 t imes the 3-5 
ppm uranium o f  an average g r a n i t e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER V 
TIMING OF GEOLOGICAL EVENTS
The f i r s t  event in  the lo c a l  h i s t o r y  to  cons ide r  i s  the  fo rm at ion  
o f  the p o r t o l i t h s  f o r  the  metamorphic rocks .  T h e i r  t e n t a t i v e  c o r r e la t i o n  
w i t h  p r e - B e l t i a n  basement rocks and the p r e l im in a r y  whole rock Rb-Sr 
dates o f  600-1200 m.y. (Cheney, in  p ress )  p lace  the p r o t o l i t h s  as Pre­
cambrian (Tab le  1 ) .  Sedimentary l a y e r s ,  now found east and west o f  the 
s tudy a rea ,  were depos i ted  on top  u n t i l  La te T r i a s s i c  (Bowman, 1950; 
Parker and C a lk in s ,  1964; Fox and o th e rs ,  1977). A d e p o s i t io n a l  h ia tus  
f o l l o w e d ,  broken by the  fo rm a t io n  o f  the Eocene O 'B r ien  Creek Formation, 
Sanpoi l  v o lc a n ic  ro c k s ,  and the  K lond ike  Mountain Formation (Fox and 
o th e r s ,  1977; Cheney, in  p re s s ) .
Metamorphism began a f t e r  the Late T r i a s s i c ,  as i t  a f f e c t s  Late 
T r i a s s i c  fo rm a t ions  (Fox and o th e rs ,  1976, 1977). Amphibole and b i o t i t e  
f rom a m p h ib o l i te s  o f  the K e t t l e  Dome g ive  K-Ar dates o f  67 m.y. and 
50 m.y. r e s p e c t i v e l y  (Engels and o th e rs ,  1976). T h e i r  discordance 
p robab ly  rep resen ts  slow c o o l in g  o f  the re g io n a l  metamorphism in  the 
Eocene. I n t r u s i v e  rocks on the  western margin o f  the K e t t le  Dome have 
s i m i l a r  c o o l in g  d a te s ,  i n d i c a t i n g  a co n cu r re n t  end to  the p lu to n ic  
a c t i v i t y .
As fe a tu re s  r e la t e d  to  the  emplacement o f  the K e t t le  Dome deform 
metamorphic te x tu re s  ( t h i s  paper;  D o n n e l ly ,  1978), the emplacement began
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a f t e r  the onset  o f  metamorphism. Fox and o the rs  (1976) p o s tu la te  a
p re -48  m.y.  age o f  emplacement f o r  the Okanogan Dome to  the west,  and
by a s s o c ia t i o n ,  f o r  the K e t t l e  Dome. They base t h i s  on nearby un­
deformed Eocene fo rm a t io ns  and a K-Ar date on the  Swimptkin Creek p lu ton
which in t ru d e s  the Okanogan Dome. Cheney ( i n  p re s s ) ,  however, notes the 
presence o f  i d e n t i c a l  Eocene fo rm a t ions  as young as 41 m.y. in  s y n c l in a l  
s t r u c tu r e s  both n o r th e a s t  and west o f  the a n t i c l i n a l  K e t t le  Dome. He 
suggests the emplacement o f  the dome separated these once-continuous 
fo rm a t io n s  and th a t  the  dome formed in  the Late Eocene. Textures and 
s t r u c tu r e s  in d i c a t e  the u ra n i fe ro u s  pegmati tes formed dur ing  the fo rmat ion  
o f  the  dome ( t h i s  paper;  D onne l ly ,  1978), n e c e s s i ta t in g  an Eocene age f o r  
them a ls o .
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CHAPTER VI 
DISCUSSION
Genesis o f  the  Dikes
There are  fo u r  ways to  produce g r a n i t e  d ikes w i th  g r a n i t i c  to  
p e g m a t i t i c  te x tu re s  in  metamorphic rocks ,  two in  s i t u  and two ex te rna l  
processes. They may form in  s i t u  through e i t h e r  an a te x is  o r  metamorphic 
se g re g a t io n ,  o r  they may come from an e x te rn a l  metasomatic or magmatic 
source.  F ie ld  and p é t ro g ra p h ie  evidence e l im in a te s  a l l  but the ex te rna l  
magmatic source f o r  the main d ike  system.
I n s i t u Processes
A n a te c t i c  processes could no t  opera te  in  the  h igh es t  three meta­
morphic u n i t s  as metamorphic c o n d i t io n s  the re  never reached an appropr ia te  
grade.  L im i te d  an a te x is  cou ld  occur in  the lower q u a r t z i t e  u n i t ,  which 
l i e s  j u s t  below the s i  11im a n i te -o r th o c la s e  isog rad .  S u f f i c i e n t  m e l t ing  
to  produce the necessary amount o f  pegmati te  magma could not have occurred 
because o f  the q u a r t z i t e -  and marb le-dominated l i t h o l o g y .  The reac t ions  
f o r  when the  p e l i t i c  u n i t s  in  the  q u a r t z i t e  entered si 1 1 imani te -o r th o c la s e  
grade produced te x tu re s  t h a t  show o n ly  m inor movement o f  m a te r ia l .
The a m p h ib o l i te  and eas te rn  q u a r t z i t e  do not have composit ions t h a t  
cou ld  produce by metamorphic seg rega t ion  the amount o f  f e l s i c  m a te r ia l  
r e q u i re d .  C ro s s c u t t in g  r e l a t i o n s h i p s ,  c h i l l e d  marg ins,  and d ik e /c o u n t ry  
rock re a c t io n s  in d i c a t e  the  presence o f  a s i g n i f i c a n t  q u a n t i t y  o f  magma,
61
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and a change in  o v e r a l l  com pos i t ion  in  the a m p h ib o l i te  and q u a r t z i t e  
near the d ik e s .  In  c o n t r a s t ,  metamorphic seg regat ion  produces on ly  very 
minor amounts o f  l i q u i d , i f  any, and no o v e r a l l  compos i t iona l  changes 
(Y a rd le y ,  1978).
Dikes in  the b i o t i t e - p l a g i o c l a s e  g n e iss ,  exc lud in g  d i k e le t s  2-4 cm 
t h i c k ,  show s i m i l a r  c o n ta c t  r e l a t i o n s h ip s  to  the country  rock ,  necess i­
t a t i n g  a m e l t  as t h e i r  source, no t  metamorphic seg rega t ion .  The sm a l le r  
2-4 cm d i k e l e t s  c o n ta in  p e g m a t i t i c  o r t h o c la s e ,  q u a r t z ,  and minor a l b i t e  
and g a rn e t .  Many, bu t  no t  a l l ,  are c l e a r l y  connected w i th  la r g e r  d ikes ,  
and in  g e n e ra l ,  they  con cen t ra te  in  the  same areas as the i n t r u s i v e  d ikes .  
Secondary overgrowths on pr im ary  o r t h o c la s e ,  and a l b i t e - r i c h  rims on 
p la g io c la s e  occur in  the gneiss immedia te ly  ad ja cen t  to the d i k e le t s .
This  in d ic a te s  metasomatic a d d i t i o n  o f  m a te r ia l  to  the rock from the d ikes ,  
whereas metamorphic seg rega t ion  opera tes in  the o th e r  d i r e c t i o n .  A lso ,  
in  metamorphic s e g re g a t io n ,  a melanosome fo rms,  and the  p lag io c lase  com­
p o s i t i o n  o f  I t  d i f f e r s  very  l i t t l e ,  o r  not a t  a l l  from the p la g io c la se  
com pos i t ion  in  the leucosome (Y a rd le y ,  1978). However, no melanosome 
e x i s t s ,  and p la g io c la s e  o f  the b i o t i t e - p l a g i o c l a s e  gneiss (An^g) d i f f e r s  
s h a rp ly  from th a t ,  o f  the d i k e l e t s  (An^g).  The a d d i t io n  o f  m a t e r i a l ,  lack 
o f  d i s t i n c t  melanosomes, and d i f f e r i n g  p la g io c la s e  composit ions argue 
a g a in s t  lo c a l  metamorphic se g re g a t io n .
I f  metamorphic seg reg a t io n  cou ld  e x t r a c t  very  minor amounts o f  
m a te r ia l  f rom a la rg e  volume o f  ro c k ,  in c lu d in g  a pre ference f o r  Na over 
Ca, and c o n ce n t ra te  them in  d i s t i n c t  bands, the  paleosome composi t ion
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would change a lmost u n n o t ic e a b ly  and no d i s t i n c t  melanosome would form.
This  c o n c e n t ra t in g  process may a f f e c t  the rock ne ighbor ing  the leucosomes, 
causing the secondary overgrow ths .  In  t h i s  manner, metamorphic seg­
r e g a t io n  cou ld  produce the d i k e l e t s  t h a t  are n o t  d i r e c t l y  associa ted w i th  
l a r g e r  d ik e s .
I p r e f e r  to  i n t e r p r e t  the halo surround ing the d i k e le t s  as a 
metasomatic ha lo  caused by the  i n t r u s i o n  o f  the d i k e le t s  i n t o  the rock.
Th is  ha lo  and the c lo se  p ro x im i t y  o f  the d i k e l e t s  to  l a rg e r  i n t r u s i v e  
d i k e s ,  and a ch a ra c te r  i n d i s t i n g u i s h a b le  from s i m i l a r  d i k e le t s  t h a t  are 
apophyses o f  d ikes  lead me to  conclude t h a t  these seeming unattached 
d i k e l e t s  are  p a r t  o f  the i n t r u s i v e  d ik e  system. As they may form peg­
m a t i t i c  bands 2-4 cm t h i c k  and up to  2 m lo n g ,  they probably formed from 
l o w - v i s c o s i t y , v o l a t i l e - r i c h  f l u i d s  de r ive d  from pegmati te magmas.
E x te rna l  Processes
As in  s i t u  processes can no t  p ro v id e  the necessary g r a n i t i c  m a te r ia l ,  
the  d ike s  must o r i g i n a t e  from a source e x te rn a l  t o  the exposed metamorphic 
s e c t io n .  As d iscussed p r e v io u s ly ,  the  d ike  system needs a v iscous ,  
w a te r -u n d e rs a tu ra te d  magma t h a t  d i f f e r e n t i a t e s  in to  a w a te r -sa tu ra ted  
system t o  produce the t e x tu re s  and r e l a t i o n s h ip s  descr ibed .  Metasomatism 
has occu r re d ,  bu t  i t s  a c t i v i t i e s  r e s u l t  from the  aqueous f l u i d s  der ived 
f rom the pegmat i te  magma.
Magma f o r  d ikes  has two p o s s ib le  general sources. I t  may e i t h e r  a r i s e  
as an o f f s h o o t  f rom a l a r g e r  p l u t o n ic  source such as a s tock  o r  b a th o l i t h  
and be termed igneous, o r  a r i s e  a n a t e c t i c a l l y , fo rm ing a complete system
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unto i t s e l f .  As n e i t h e r  contemporaneous p l u t o n ic  rocks nor an a n a te c t ic  
source c rop  ou t  i n  the  map a rea ,  a source o u ts id e  the  area, or a t  depth 
must be cons ide red .  The g e ne t ic  process f o r  the Nancy Creek dikes must 
produce an un de rsa tu ra ted ,  p o ta s s iu m - r ic h ,  low -ca lc ium  g r a n i te  magma.
The process must account f o r  the t im in g  o f  d ike  emplacement, t h e i r  reg iona l  
d i s t r i b u t i o n  and a s s o c ia t io n  w i t h  metamorphic ro c k s ,  the uranium con ten t ,  
and the l i m i t e d  com pos i t iona l  range.
s i y ^  uni j t ^ . Cheney's ( i n  press) reg iona l  map 
( F i g . 2) shows i n t r u s i v e  rocks concen tra ted  in  the  northwest corner o f  
the  K e t t l e  Dome. They vary in  composi t ion  from qu a r tz  monzonite to  
g r a n o d i o r i t e  (Parker and C a lk in s ,  1964). They c o n ta in  m i a r o l i t i c  c a v i t i e s  
and in t r u d e  T e r t i a r y  vo lc a n ic s  in  the Republ ic  Graben, in d i c a t in g  a 
sha l low  le v e l  o f  emplacement. T h e i r  d e s c r ip t io n s  mention no pegmatite 
phases, and these u n i t s  t r u n c a te  pegm a t i te -bea r ing  m igm at i tes .  As these 
i n t r u s io n s  c u t  domal s t r u c t u r e s  and are  s h a l lo w ,  they appear to  have 
formed a f t e r  the dome, though t h i s  conc lus ion  i s  no t  d e c is iv e .  Other 
s i m i l a r  i n t r u s io n s  border  the  dome along i t s  western margin .  T h e i r  con tac t  
and temporal r e l a t i o n s h ip s  t o  the dome are unknown.
In the  sou thern  t w o - t h i r d s  o f  the dome s i x  small i n t r u s i v e  bodies 
re p re s e n t  the  o n ly  p l u t o n i c  rock p resen t  o th e r  than the d ike s .  E i th e r  
hornb lende o r  b i o t i t e  tend to  dominate t h e i r  maf ic  m inera logy.  They cu t  
across metamorphic s t r u c t u r e s ,  and may be e i t h e r  f o l i a t e d  o r  massive 
(Cheney, i n  p re s s ) .  T h e i r  composi t ions and r e l a t i o n s h ip  to the la rg e  
i n t r u s i v e  u n i t s  a re  unknown. The massive to  f o l i a t e d  na tu re  o f  these i n ­
t r u s io n s  suggest con temporane i ty  w i t h  the  d ikes .
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As major i n t r u s i v e  u n i t s  crop 
ou t  a long the  western and no r thweste rn  border o f  the dome, and minor 
ones crop ou t  w i t h i n  the  dome, an igneous source is  p o ss ib le  f o r  the 
d i k e s .  A d i r e c t  r e l a t i o n s h ip  between the small in t ru s io n s  and the 
b o rd e r in g  i n t r u s io n s  would imp ly  a la rg e  g r a n i t i c  body under ly ing  the 
K e t t l e  Dome. I f  no such r e l a t i o n s h ip  e x i s t s ,  the small i n t r u s io n s  
w i t h i n  the dome cou ld  rep rese n t  the  top o f  an ic e b e rg ,  and a b a t h o l i t h  
cou ld  s t i l l  u n d e r l ie  the dome. P lu to n ic  rocks core many Shuswap domes, 
and the  B i t t e r r o o t  Dome (Hyndman, 1979). In the B i t t e r r o o t  Dome, shearing 
is  contemporaneous w i th  the  l a s t  stages o f  c o n s o l id a t io n  o f  the Idaho 
b a t h o l i t h  (Hyndman, 1979). Th is  pe r iod  o f  c r y s t a l l i z a t i o n  could produce 
la t e - s t a g e  d i f f e r e n t i a t e s ,  p o s s ib ly  e x p la in in g  the f e l s i c ,  po tass ium -r ich  
com pos i t ion  o f  the d ikes  a t  Nancy Creek compared t o  the composit ion o f  
the i n t r u s i o n s .  Such a scenar io  would a lso  occur a f t e r  peak metamorphism 
as seen in  the K e t t l e  Dome. Uranium o f te n  concen tra tes  in  these la te  
i n t r u s i v e  stages due e i t h e r  to  movement w i th  v o l a t i l e s ,  o r  c r y s ta l  1 i z a t i o n  
processes e xc lud in g  i t  from c r y s t a l l i z i n g  rock because o f  i t s  la rg e  
i o n i c  s iz e  and h igh va lence charge.
P o s tu la t i n g  a la rg e  igneous body underneath the K e t t l e  Dome would 
p ro v id e  a g e n e t ic  model f o r  the  g r a n i t e  d ikes  t h a t  could e xp la in  the 
com pos i t ion  o f  the d i k e s ,  t h e i r  re g io n a l  d i s t r i b u t i o n ,  a s s o c ia t io n  w i th  
metamorphic ro c k s ,  t im in g  o f  emplacement, and uranium con te n t .  This  
argument,  however, does have some ser ious .weaknesses . A b a t h o l i t h  does 
no t  n e c e s s a r i l y  u n d e r l i e  the K e t t l e  Dome. The smal l i n t r u s i v e  bodies
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may no t  be the top o f  an ice b e rg ,  bu t  j u s t  l o c a l i z e d  magmatic bodies 
formed a n a t e c t i c a l l y  w i th  no connect ion to  a l a r g e r  body. Any connect ion 
between them and the bo rder ing  i n t r u s io n s  to  the west is  h yp o th e t ica l  
a t  t h i s  t im e.  The p resen t  poor understand ing o f  the t im in g  o f  the 
b o rd e r in g  in t r u s io n s  seems to in d ic a te  they formed a f t e r  the dome, and 
consequent ly  a f t e r  the d ik e s .  The d ikes  in  the Nancy Creek area show 
no lo c a l  c o n c e n t ra t io n  r e l a t i v e  to a lo c a l  i n t r u s i v e  body j u s t  no r th  o f  
the map a re a . No pegmati te and e s p e c ia l l y  no g r a n i t i c - t e x t u r e d  d ikes 
o f  compos i t ions  comparable to  the bo rde r ing  in t r u s io n s  e x i s t ,  and no dikes 
d i r e c t l y  assoc ia ted  w i th  them are descr ibed in  the l i t e r a t u r e .
T e x tu re s ,  c r o s s - c u t t i n g  r e l a t i o n s h ip s ,  and assoc ia ted rock types 
i n d i c a t e  a sha l low  depth o f  emplacement f o r  the in t r u s io n s  in  the n o r th ­
west co rn e r  (Parker  & C a lk in s ,  1964), y e t  metamorphic c o n d i t io n s  suggest 
g re a te r  depths f o r  the pegmat i tes .  The i n t r u s io n s  t ru n c a te  metamorphic 
rocks c o n ta in in g  d ik e s ,  e s ta b l i s h in g  t h e i r  r e l a t i v e  ages. Dikes in  
und im in ished q u a n t i t i e s  occur 35 km away from these i n t r u s io n s .  The 
d ikes  cou ld  form as e a r l y  p recurso rs  to  the i n t r u s io n s ,  but t h e i r  un­
changing occurrence over such d is tances  remains unexpla ined unless 
h y p o th e t ic a l  i n t r u s io n s  l i e  below.
C o n s id e ra t io n  o f  a metamorphic source. The reg iona l  d i s t r i b u t i o n  
o f  d ikes  in  metamorphic rocks suggests a p o ss ib le  metamorphic genesis 
f o r  them. Rocks a t  the base o f  the Nancy Creek s e c t io n  e n te r  h igh-grade 
metamorphism by the r e a c t io n  muscovite + quar tz  —> s i 1 1 imanite  + o r th o c la s e  +
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w a te r .  In  rocks  o f  a p p ro p r ia te  com pos i t ion ,  i n c i p i e n t  m e l t ing  marks 
t h i s  t r a n s i t i o n  (W in k le r ,  1976, p. 83 ) .  The r e la t i o n s h ip s  o f  d ikes to  
shear zones, and the s t r u c t u r a l  a n a ly s is  o f  Donnel ly  (1978) in d ic a te  the 
d ikes  in t r u d e d  the metamorphic se c t io n  du r ing  fo rm at ion  o f  the K e t t le  
Dome. The shear ing  occurs near the f i n a l  stages o f  dome fo rm a t io n .  The 
exac t  means o f  t h i s  fo rm a t io n  is  not  com ple te ly  understood. I n t e r p r e ­
t a t i o n  o f  the  eas tern  border o f  the dome as a decol lement (Cheney, 1979) 
im p l ie s  the removal o f  a sedimentary se c t io n  31,000 f e e t  t h i c k  (Bowman, 
1950), p robab ly  fo l lo w e d  by a d i a p i r i c  r i s e  o f  the dome. Ana lys is  o f  
changes in  temperature and pressure c o n d i t io n s  du r in g  t h i s  process 
p rov ides  i n s i g h t  f o r  a p o s s ib le  a n a te c t i c  source.
The f o l l o w in g  c o n s id e ra t io n s  a l lo w  a c lose  approx imat ion o f  the 
pressure  and temperature c o n d i t io n s  du r ing  shear ing .  As the shearing 
is  a l a t e  stage in  the fo rm a t io n  o f  the dome, a drop in  pressure 
accompanies i t .  Dur ing the she a r ing ,  the q u a r t z i t e  crossed the boundary 
f o r  muscov i te  + q u a r tz  - v s i  11im an i te  + o r th o c la s e  + w a te r .  Muscovite 
p lus q u a r tz  s t i l l  e x i s t  in  e q u i l i b r i u m  in  the b i o t i t e - p l a g io c l a s e  gneiss 
100 m above i t ,  so the gneiss d id  no t  cross t h a t  l i n e .  As minor anatex is  
occurred  in  the  q u a r t z i t e ,  i t  must have been above the q u a r t z - a l b i t e -  
o r th o c la s e -w a te r  s o l i d u s .  The o v e r l y in g  gneiss may a lso  have been above 
t h a t  s o l id u s  because the a n o r t h i t e  con ten t  (W in k le r ,  1976, p. 293),  lack 
o f  ind igenous o r th o c la s e ,  and no w a t e r - l i b e r a t i n g  re a c t io n  i n h i b i t  m e l t in g .  
In  F igu re  10, p o in ts  G-| and Q-j i n d i c a te  the pressure and temperature 
c o n d i t i o n s  du r in g  shear ing  o f  the gne iss  and q u a r t z i t e  re s p e c t i v e ly .  The i r
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temperatures may range 20°C e i t h e r  up or down, w i th  a corresponding 
range in  p re ssu re ,  bu t  t h i s  w i l l  not  s u b s t a n t i a l l y  a l t e r  the argument.
As the removal o f  a 3 1 ,0 0 0 - fo o t  sec t io n  corresponds w i th  a 3 kb pressure 
d ro p ,  Gy and Qo d e sc r ib e  p la u s ib le  c o n d i t io n s  p r i o r  to  detachment.
Gq and Qq should be a t  a h igher  temperature because c o o l in g  probab ly  
accompanied the pressure d rop .  Leaving them where they are compensates 
f o r  a p o s s ib le  lower temperature f o r  Ĝ  and ,
The shaded area marks the most l i k e l y  co n d i t io n s  f o r  major p ro ­
d u c t io n  o f  n a tu ra l  g r a n i t e s .  I t s  le f t - h a n d  border in d ic a te s  the beginning 
o f  the incongruen t  breakdown o f  b i o t i te  to  supply  water  f o r  the fus io n  
process (Brown and Fy fe ,  1970). To the  l e f t  o f  t h i s  l i n e ,  on ly  the 
breakdown o f  muscovite  sup p l ie s  water f o r  fu s io n ,  and s l i g h t l y  po tass ic  
g r a n i t e  m e l ts  may form. To the r i g h t ,  b i o t i te  in con g ru e n t ly  en ters  the 
f u s io n  process,  fo l lo w e d  by p h lo g o p i te  and hornblende a t  h igher  tem­
p e ra tu re s ,  the m e l t  compos i t ion  changing from g r a n i t e  to  g r a n o d io r i t e .
The base o f  the exposed Tenas Mary Creek s e c t io n  f a l l s  ou ts ide  t h i s  
zone, and th e re fo re  would not produce s u b s ta n t ia l  q u a n t i t i e s  o f  magma. 
Minor a n a te c t i c  m igm at i tes  may form j j i  s i  t u , however, where muscovite 
breakdown re leases  m inor  amounts o f  w a te r .  A p o te n t ia l  source (X) f a l l s  
in  t h i s  shaded zone. As the  pressure d rops ,  X moves f a r t h e r  from the l i n e  
marking the s t a r t  o f  b i o t i te  i n s t a b i l i t y .  Th is  r e s u l t s  in  more b i o t i t e  
e n te r in g  th e  m e l t ,  adding more wate r  to  t h a t  a l rea dy  a v a i l a b le  from 
the breakdown o f  muscov ite  and e a r l i e r  b i o t i t e .  Cons ider ing the  g rea te r  
abundance o f  b i o t i t e  compared to  muscov i te ,  i t s  breakdown may e a s i l y
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
le ordouble o r  t r i p l e  the a v a i l a b i l i t y  o f  water  and consequent ly  doubli 
t r i p l e  the  amount o f  m e l t i n g .  By dropping the pressure the  f u l l  3 kb, 
c o n d i t io n s  go from a p o in t  j u s t  below the g r a n i te  l i q u id u s  w i th  7% 
w ater  to  a p o in t  j u s t  above the l i q u id u s  f o r  4% water (W in k le r ,  1976, 
p. 306).  Th is  increased a c t i v a t i o n  o f  water a l lows m e l t  p roduc t ion  o f  
ano the r  50%. The iso therma l drop in  pressure thus permits  3 to  5 t imes 
the i n i t i a l  amount o f  m e l t in g  by changing the amount and a c t i v i t y  o f  
the a v a i l a b le  w a te r .
The exact  amount o f  m e l t  depends on the i n i t i a l  rock composit ion and 
t o t a l  wa te r  a v a i l a b le .  I f  water re leased from b i o t i t e  and muscovite 
breakdown amounts to  0.2% a t  the o r i g i n a l  pressure ,  4% o f  the rock may 
m e l t  d u r in g  the th re e  k i l o b a r  pressure drop.
In  an An-Ab-Or-Qz te t ra h e d ro n ,  the d ike  composi t ion p lo ts  on a
c o t e c t i c  s u r fa c e ,  j u s t  to  the Or-Ab s ide  o f  the c o t e c t i c  l i n e  (F ig .  5
in  C r y s t a l l i z a t i o n  Path s e c t io n ,  W y l l i e ,  1977). Comparing the dry  Ab- 
Or-Qz system a t  5 kb to  the same system w i th  excess w a te r ,  the c o te c t i c  
l i n e  s h i f t s  s l i g h t l y  toward the Or corner  in  the area where the d ike  com­
p o s i t i o n  p lo t s  ( W y l l i e ,  1977). P ro je c t in g  t h i s  d isplacement i n to  the 
te t ra h e d ro n  p lo t s  the d ik e  com pos i t ion  c lo se  to  the c o t e c t i c  l i n e  
( F ig .  11 ) .  As wa te r  a v a i l a b i l i t y  and temperature l i m i t  the amount o f  
m e l t i n g ,  the  m e l t  produced should remain on the c o t e c t i c  l i n e ,  producing
a narrow range in  compos i t ions  as observed in  the d ik e s .
T h is  g e n e t ic  model o f  g e ne ra t in g  g r a n i t i c  magma in  h igh-grade meta­
morphic t e r ra n e  by d ropp ing  the pressure p re d ic ts  the metamorphic rea c t ion s
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F ig u re  11.
Projection of An-Ab-Or-Qz Field Boundaries onto an 
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observed in  the b i o t i t e - p la g io c la s e  gneiss and the q u a r t z i t e ,  and lack  
o f  l o c a l l y  generated m igm at i tes .  I t  a lso  accounts f o r  a source "a t  
depth , the composi t ion  o f  the  d ik e s ,  t h e i r  re g io n a l  d i s t r i b u t i o n ,  and
temporal a s s o c ia t io n s  w i th  the dome emplacement.
jL ic _ c o m ^ ^  o j ) f  j j r a n j j m . In metamorphic rocks ,  Lambert 
and He ier  (1967) have shown t h a t  pyroxene g r a n u l i t e  fa c ie s  rocks con ta in  
less  uranium than t h e i r  lower grade analogs. Koslov (1977) c la ims th a t  
w i t h  in c re a s in g  pressure  and temperature c o n d i t i o n s ,  the con ten t  o f
uranium in  correspond ing rocks g ra d u a l ly  decreases. The uranium found
a long  g r a in  boundaries o r  as i n t e r s t i a l  m in e ra ls  decreases w i t h  in c rea s ing  
metamorphic g rade ,  leav ing  on ly  the uranium in  accessory m in e ra ls .  Since 
w a te r  c o n s t i t u t e s  the main phase leav ing  metamorphic rocks w i t h  in c rea s ing  
g rade ,  the  uranium probab ly  moves w i th  i t .  As ana tex is  concentrates the 
wa te r  i n t o  the m e l t in g  f r a c t i o n ,  i t  f o l lo w s  t h a t  uranium a lso  concentrates 
th e re .
E x t r a p o l a t i on o f  the  Ana t e c t i c  G e n s Model to  the  Rest o f  the K e t t l e  Dome 
The f o l i a t e d  to  u n f o l i a t e d  na tu re  o f  the small p lu t o n ic  bodies in  
the dome (Cheney, in  p ress)  and s i m i l a r  r e la t i o n s h ip s  to  c a ta c la s i s  in  
the  igneous t e r ra n e  in  the  nor thwest  corner  o f  the dome suggest a con­
tem porane i ty  to  the d ik e s .  The small  s c a t te re d  bodies may form in  a 
f a s h io n  s i m i l a r  to  the  d ikes  bu t  had more water a v a i l a b le  to  them, or 
me l ted  a t  a deeper l e v e l ,  accoun t ing  f o r  t h e i r  g re a te r  volume. The 
i n t r u s i o n s  in  the  no r thw es t  co rner  l i e  c lo s e r  to  the  Okanogan Dome, and 
the a x is  o f  the Omineca c r y s t a l l i n e  b e l t  (Fox and o th e rs ,  1977). A
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h ig h e r  heat f lo w  would be expected along t h i s  a x i s .  Th is  would push 
pressure  and temperature c o n d i t io n s  f u r t h e r  i n t o  the  zone fa v o ra b le  f o r  
m e l t i n g ,  r e s u l t i n g  in  a h igher  percentage o f  m e l t i n g ,  producing the t rend 
f rom g r a n i t e  to  g r a n o d io r i te  seen in  t h i s  p a r t  o f  the  dome.
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CHAPTER V I I  
SUMMARY AND CONCLUSIONS
G ra n i te  d ikes  In t ru d e  the upper-am ph ibo l l te -g rade  metamorphic 
rocks o f  the  K e t t l e  Dome. They formed contemporaneously w i th  the 
emplacement o f  the dome, p r e f e r e n t i a l l y  in t r u d in g  s t r u c t u r a l l y  weak 
shear zones in  the b i o t i t e - p l a g i o c l a s e  g n e iss ,  the g n e iss -a m p h ib o l i te 
c o n ta c t  where r e l a t i v e  movement occu r red ,  and the  more b r i t t l e  amphi- 
b o l i t e .  Three t e x t u r a l  types o f  d ikes  occur :  g r a n i t i c ,  a p l i t i c ,  and
p e g m a t i t l e .  The undersa tu ra ted  o r i g i n a l  magma formed the g r a n i t i c  d ikes .  
C r y s t a l l i z a t i o n  processes concentra ted  the wate r  t o  the s a tu ra t io n  p o in t ,  
caus ing the appearance o f  an aqueous phase. This  phase caused the 
fo rm a t io n  o f  the common pegmat i te -cored d ike s ,  and the  r a r e r  complete ly  
pegmat i te  d ik e s .  A p l i t e  d ikes  i n v a r i a b l y  have s t rong  c a t a c la s t i c  
t e x t u r e s ,  and formed due to  a sudden loss o f  the aqueous phase, po ss ib ly  
caused by a decrease in  c o n f in in g  pressure du r ing  shear ing .  The pegmatite 
magma (magma p lus  the  v o l a t i l e  phase) m ig ra ted to  the a m p h ib o l i te ,  where 
shea r ing  had c rea ted  a b e t t e r  c r y s t a l l i z a t i o n  environment as compared to  
the  r i g i d  gne iss  below. The impermeable Eastern Q u a r tz i te  capped the 
a m p h ib o l i t e ,  and helped to  c o n ta in  the  pegmat i tes .
Zones in  some pegmat i tes c o n ta in  h ig h ly  anomalous concen t ra t ions  o f  
uranium (up to  0.25% o r  2500 ppm), whereas the  o v e ra l l  d ike  system con­
t a in s  o n ly  10-15 ppm. The uranium occurs in  the pegmatites w i t h  the 
coa rses t  p e g m a t i t i c  t e x t u r e ,  and the o n ly  m in e ra lo g ic a l  zoning in  the
74
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system. These d ikes  concen tra te  In the a m p h ib o l i te ,  and have the 
t h i c k e s t  b i o t i t e  re a c t io n  envelopes. Concentra t ion  o f  uranium c o r re la te s  
d i r e c t l y  w i t h  the movement o f  the  aqueous phase in  the pegmatite system. 
Under o x i d i z i n g  c o n d i t i o n s ,  the uranium p a r t i t i o n s  s e l e c t i v e l y  i n t o  the 
aqueous phase when i t  a r i s e s ,  and moves in  s o lu t io n  w i th  i t .  I t s  high 
m o b i l i t y  a l low s  the phase to  escape to  the s t r u c t u r a l l y  p re fe ra b le  
a m p h ib o l i t e .  During c r y s t a l l i z a t i o n  o f  the pegm at i te ,  the aqueous phase 
p h y s i c a l l y  concen tra tes  the  e a r l y - c r y s t a l l i z i n g  u r a n in i t e  i n t o  zones 
w i t h  g a rn e t ,  m ag n e t i te ,  and a p a t i t e .  The uranium remain ing in  s o lu t io n  
moves i n t o  the metasomatic envelope where i t  i s  t rapped a long b i o t i t e  
c leavage p lanes .
Magma genes is
F ie l d  and p e t r o lo g i c  evidence r u le  ou t  a metasomatic ,  and an 
i n  p lace  metamorphic segrega t ion  or a n a te c t i c  genesis f o r  the main d ike  
system. A lthough q u e s t io n a b le ,  metamorphic segregat ion p o s s ib ly  formed 
smal l d i k e l e t s  in  the b i o t i t e - p l a g i o c l a s e  gne iss .  Some o f  the d ikes  in  
the  gne iss  may have formed w i th  l a t e  stage f r a c t i o n a t i o n  o f  the gne iss ,  
as i t  i s  an o r th o g n e is s .  The main d ike  system formed from a magma 
generated o u ts id e  the  f i e l d  area.  C r y s t a l l i z a t i o n  processes concentra ted 
w a te r  to  a sa tu ra te d  c o n d i t i o n  in  some d ike s ,  and produced the va r ied  
t e x t u r e s .
Two g e n e t ic  p o s s i b i l i t i e s  f o r  the magma and t h e i r  suppo r t ing  evidence 
have been presen ted .  In one, the  magma came from a po s tu la ted  b a t h o l i t h  
t h a t  cores the  K e t t l e  Dome. In the  o t h e r ,  e x t r a p o la t i o n  o f  metamorphic
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c o n d i t i o n s  to  below the exposed metamorphic s e c t io n ,  combined w i th  a drop 
i n  p ressure  c o r r e l a t i v e  to t e c to n ic  un loading o f  the K e t t le  Dome produces 
c o n d i t i o n s  fa v o ra b le  f o r  a n a te c t ic  m e l t i n g .  Both models can exp la in  the 
t im in g ,  com pos i t ion ,  re g io n a l  d i s t r i b u t i o n ,  a s s o c ia t io n  w i th  metamorphic 
r o c k s ,  and the  uranium con ten t  o f  the d ik e s .  Both a re  a lso based p a r t l y  
on in fe re n c e .
I p r e fe r  the a n a te c t i c  p ressure-drop model. I t  prov ides a u n i f i e d  
model i n t i m a t e l y  l i n k e d  w i th  i t s  metamorphic and s t r u c t u r a l  s e t t i n g .
As temperature increases w i th  depth beyond the s i l l i m a n i t e  zone now 
exposed a t  the s u r fa c e ,  the  temperature requ i red  e x is te d .  As a pressure 
change accompanies t e c to n ic  un loading o f  the dome, the t r i g g e r i n g  
mechanism e x is te d .  Thus a process, and a means o f  i n i t i a t i n g  t h a t  process 
e x is te d  contemporaneously. The igneous model r e l i e s  in  p a r t  on analogy 
to  o th e r  gneiss domes, and those ana log ies j u s t  may not f i t .
By accep t ing  the a n a te c t i c  model, t h i s  th e s is  i l l u s t r a t e s  how 
a n a te c t i c  processes,  d r iv e n  by a drop in  p ressure ,  can produce g r a n i te  
magma and con cen t ra te  uranium in  i t .  The r i s e  o f  the  K e t t le  Dome dur ing  
emplacement p rov ides  the pressure  change, and s t r u c t u r a l l y  prepares an 
env ironment f o r  d ik e  fo rm a t io n .  I t  a ls o  demonstrates the v a r i e t y  o f  
ways wa te r  can e f f e c t  p e t ro g e n e t ic  processes. Water aided the m e l t i n g ,  
con cen t ra ted  uranium in  i t ,  produced the va r ied  d ik e  t e x tu r e s ,  concen­
t r a t e d  the uranium aga in  i n t o  the aqueous phase, and then e i t h e r  
p h y s i c a l l y  concen tra ted  i t  i n t o  zones, o r  t ran spo r te d  i t  in  s o lu t io n  to 
where b i o t i t e  t rapped i t  i n  the  metasomatic envelope.
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